The potential of flexible micro pillars to investigate near wall flow by Bauer, Daniel
The Potential of Flexible Micro Pillars
to Investigate Near Wall Flow
Der Fakultät für Maschinenbau, Verfahrens- und




zur Erlangung des akademischen Grades eines Doktor-Ingenieurs
(Dr.-Ing.)
vorgelegt
von Diplom-Ingenieur Daniel Bauer
geboren am 29. Januar 1978 in Werdau
Freiberg, 16.12.2015
To my Wife and Daughter
i
Versicherung
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter
und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die
aus fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche
kenntlich gemacht.
Weitere Personen waren an der Abfassung der vorliegenden Arbeit nicht beteiligt. Die
Hilfe eines Promotionsberaters habe ich nicht in Anspruch genommen. Weitere Per-
sonen haben von mir keine geldwerten Leistungen für Arbeiten erhalten, die nicht als
solche kenntlich gemacht worden sind. Die Arbeit wurde bisher weder im Inland noch




Excerpts of this work have been published in international peer reviewed
journals:
Brücker Ch., Bauer, D. and Chaves, H., 2007. Dynamic response of micro-pillar sen-
sors measuring fluctuating wall-shear-stress. Exp Fluids, 42, pp. 737-749.
Bauer D., Chaves, H and Brücker, Ch., 2009. A multiple-segment long-distance micro-
scope for flow visualization and measurements. Measurement Science and Technology
20, Article number 073001.
Schaefer, M., Jacobs, P., Bauer, D., Moll, D. and Gillner, A., 2010. Investigation and
development of a molding process for the production of micro-hairs. The International
Journal of Advanced Manufacturing Technology, 51, pp 935-944.
Bauer, D., Chaves, H. and Arcoumanis, C., 2012. Measurements of void fraction dis-
tribution in cavitating pipe flow using x-ray CT. Measurement Science and Technology
23, Article number 055302.
iii
Acknowledgment
First of all, I thank my supervisor, Prof. Christoph Brücker, for his advice and guidance
throughout my work and who, despite my disease, gave me the chance to finish this
thesis.
I also thank Dr. Humberto Chaves for his great ideas which contributed to the success
of this work.
Many thanks go to the entire research group of Fluid Mechanics for the great team work
and support. Special thanks go to Armin Keißner and Sebastian Kunze, the 2 guys I
worked together with from the beginning, for their help on 4 measurement campaigns
and various scientific discussions.
I would also like to acknowledge the support of my work by the Deutsche Forschungs-
gemeinschaft.
Special thanks go to my wife, Dr.-Ing. Katrin Bauer, for her persistent confidence in
me, that I will be able to finish my work even through the hardest times of my disease
and also for various helpful scientific discussions.
Furthermore I like to thank the teams of the mechanical and electronic workshops for
their great support for my experiments and measurement equipment.






B Empirical constant Log-Law
c Damping coefficient







E Young’s modulus, pulse energy
F Total force
F ∗ Amplitude of the Force
f Force per unit length; body force
FD Fringe divergence
g Constant of gravitational acceleration
I Geometrical moment of inertia
J0 Bessel-function of 0th order
KC Keulagan Carpenter number
k Spring stiffness




M1, M2 Magnification lens 1 and lens 2
MLA Magnification lens array
m Mass
m∗ Accelerated mass pillar-fluid-system
v
p Pressure, pitch
pLA Pitch lens array





Retip Reynolds number at pillar tip
St Stokes number
w Deflection of the pillar
ŵ Deflection of the pillar tip
wmax Maximal deflection of the pillar




U Velocity vector, Voltage
ui, uj, uk Components of the velocity vector
U0 Amplitude of the velocity
U∞ Mean velocity
uτ Wall shear stress velocity
ū time averaged velocity
Utip Velocity at the pillar tip
Utip,max Amplitude of Utip
u+ Dimensionless wall velocity
V Venier’s drag coefficient
x, y, z Axial coordinates
xi, xj, xk Components of the position vector
x+, y+, z+ Dimensionless wall coordinates




δ Boundary layer thickness, damping coefficient
η Dynamic viscosity
ϑ Damping ratio
µ X-ray attenuation coefficient
ν Kinematic viscosity
Ψ Phase shift
Φ Geometric shape function
% Density fluid
%P Density pillar
τw Wall shear stress
τw,max Amplitude of the wall shear stress
ω Frequency
ωn Natural frequency of the pillar-fluid-system
ωn,v Natural frequency in vacuum
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CS Coherent Structures, chip size
CT Computed Tomography
DR Drive roll
DRIE Deep Reactive Iron Etching
DSL Dividing stream line
EE Euler equation
ENAS Fraunhofer Institute for Electronic Nano Systems
FAU Friedrich-Alexander-Universität Erlangen-Nürnberg
FFT Fast Fourier Transformation
FV Field of View
HU Hounsfield unit
LDM Long Distance Microscope
LED Light Emitting Diode
LSMIRFF Large scale matched index of refraction flow facility
LSTM Lehrstuhl für Strömungsmechanik
MEMS Micro-electromechanical-system
MLSSA Maximum length sequence system analyser
MPTV Mirror Particle Tracking Velocimetry
MSLDM Multiple Segment LDM
NSE Navier-Stokes-Equation
PDMS Polydimethylsiloxane
PIV Particle Image Velocimetry
POM Polyoxymethylene
PVC Polyvinyl chloride
RWTH Rheinisch Westfälische Technische Hochschule
SEM Scanning Electron Microscope
SNR Signal to noise ratio
TS Tollmien-Schlichting




1.1 Aim of this Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 Boundary Layer and Wall-Shear-Stress 4
2.1 The Boundary Layer Concept . . . . . . . . . . . . . . . . . . . . . . 4
2.1.1 Coherent Structures (CS) in the Boundary Layer . . . . . . . 9
2.2 Qualitative Methods to Illustrate Near Wall Flow Phenomena . . . . . 12
2.3 Quantitative Measurement Methods for near Wall Velocity and WSS . 13
3 Micro Pillar Concept 19
3.1 Measurement Principle . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.1.1 Steady Deflection of the Micro Pillars . . . . . . . . . . . . . 19
3.2 Micro Pillar Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Large Bending Conditions . . . . . . . . . . . . . . . . . . . . . . . 30
4 Manufacturing Process 32
4.1 Basic Procedure for Manufacturing Micro Pillars . . . . . . . . . . . 32
4.2 A Brief Overview of the Mould and Pillar Manufacturing . . . . . . . 32
4.3 Pillar Manufacturing Using Etched Silicon Wafer as Mould . . . . . . 37
5 Measurement Equipment and Test Facilities 40
5.1 Bending Detection and Imaging Methods . . . . . . . . . . . . . . . 40
5.1.1 Transmitted Light Set-up . . . . . . . . . . . . . . . . . . . . 41
5.1.2 Reflected Light Set-up with Köhler Illumination . . . . . . . 42
5.1.3 Multi-Segment Long-Distance Microscope . . . . . . . . . . 45
5.1.4 Luminous Intensity Evaluation for the Pillar Deflection . . . . 50
5.1.5 Experimental Bending Detection with X-Ray CT . . . . . . . 53
5.2 Equipment for Dynamic Characterization of the Micro Pillars . . . . . 57
5.3 Equipment for Static Calibration . . . . . . . . . . . . . . . . . . . . 61
ix
Contents
5.4 Large-scale Matched Index of Refraction Flow Facility - LSMIRFF . 63
6 Experimental Investigation of the Micro Pillar Dynamics 66
7 Calibration 73
8 Experimental Conditions 76
9 Results 79
9.1 Qualitative Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
9.2 Quantitative Results . . . . . . . . . . . . . . . . . . . . . . . . . . 87
9.2.1 Quantitative Results for Laminar Flow . . . . . . . . . . . . . 87
9.2.2 Wavy Structures as an Indication of First Instabilities . . . . . 91
9.2.3 Turbulent Spots . . . . . . . . . . . . . . . . . . . . . . . . . 93
9.2.4 Turbulent State . . . . . . . . . . . . . . . . . . . . . . . . . 96
9.3 Imaging Pillars with X-ray CT . . . . . . . . . . . . . . . . . . . . . 98
10 Conclusion and Outlook 100
11 Appendix 111
11.1 Layout chrome mask . . . . . . . . . . . . . . . . . . . . . . . . . . 112
11.2 Drawing Metal Pillar . . . . . . . . . . . . . . . . . . . . . . . . . . 113
x
List of Figures
2.1 Sketch development of the flow over a flat plate . . . . . . . . . . . . 6
2.2 Dynamics of a hairpin vortex . . . . . . . . . . . . . . . . . . . . . . 11
3.1 Model of the forces acting on the micro Pillar . . . . . . . . . . . . . 20
3.2 Mechanical system of the micro pillar . . . . . . . . . . . . . . . . . 23
3.3 Comparison of the response in water . . . . . . . . . . . . . . . . . . 28
3.4 Design criteria for pillar diameter in water flow . . . . . . . . . . . . 29
4.1 Hole in Wax Plate after Laserdrilling . . . . . . . . . . . . . . . . . . 33
4.2 Laser drilled Hole with higher Quality . . . . . . . . . . . . . . . . . 34
4.3 Inset for casting and the use in measurements . . . . . . . . . . . . . 35
4.4 Hand crafted pillar array with 3x3 pillars in laminar flow . . . . . . . 36
4.5 Wafer Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.6 SEM image of a pillar array . . . . . . . . . . . . . . . . . . . . . . . 39
5.1 Transmitted light set-up . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2 Sketch of Köhler illumination lens set-up . . . . . . . . . . . . . . . 42
5.3 LDM set-up with Köhler illumination . . . . . . . . . . . . . . . . . 43
5.4 Pillar Array Illuminated with Köhler Illumination . . . . . . . . . . . 44
5.5 Image of a 3x3 WSS sensor . . . . . . . . . . . . . . . . . . . . . . . 45
5.6 Sketch of multi segment long distance microscope . . . . . . . . . . . 46
5.7 Image taken with the MSLDM . . . . . . . . . . . . . . . . . . . . . 48
5.8 Image of the MSLDM set-up with 400mm working distance . . . . . 48
5.9 Array imaged with MSLDM . . . . . . . . . . . . . . . . . . . . . . 49
5.10 Measurement Set-up MLSSA . . . . . . . . . . . . . . . . . . . . . . 51
5.11 Measured Amplitude Frequency Response Metal Pillar . . . . . . . . 52
5.12 Basic principle of computed tomography . . . . . . . . . . . . . . . . 53
5.13 Basic principle of modern computed tomography . . . . . . . . . . . 54
5.14 Effects of the convolution kernel . . . . . . . . . . . . . . . . . . . . 55
xi
List of Figures
5.15 Pillar for CT Measurements; DP = 100µm . . . . . . . . . . . . . . 56
5.16 The used CT system . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.17 Test rig for dynamic calibration . . . . . . . . . . . . . . . . . . . . . 58
5.18 Shaker - Comparison calculated and measured values . . . . . . . . . 60
5.19 Sketch of the moving belt test rig . . . . . . . . . . . . . . . . . . . . 61
5.20 Sketch of the LSMIRFF with measurement equipment . . . . . . . . 63
5.21 Sketch inset positions at the LSMIRFF . . . . . . . . . . . . . . . . . 64
6.1 Bode plot for sunflower oil . . . . . . . . . . . . . . . . . . . . . . . 67
6.2 Bode plot for coal oil . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.3 Bode plot for water . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.4 Bode plot for Ondina 913 . . . . . . . . . . . . . . . . . . . . . . . . 72
7.1 Calibration curve for pillars with DP = 50µm and LP = 500µm . . . 74
9.1 First disturbances at U∞ = 3.75m/s, Rex = 7.0 · 105 . . . . . . . . . 80
9.2 Footprint of a turbulent event at U∞ = 4.0m/s, Re = 7.5 · 105 . . . . 80
9.3 Footprint of a turbulent event at U∞ = 4.0m/s Re = 8.2 · 105 . . . . 81
9.4 DSL from the recording 2008 . . . . . . . . . . . . . . . . . . . . . . 82
9.5 Side view of a pillar array (DP = 50µm and LP = 500µm) . . . . . . 82
9.6 4 pictures with bubble at U∞ = 3.5m/s Re = 7.2 · 105 . . . . . . . . 83
9.7 4 pictures with bubble out of focus at U∞ = 4.0m/s Re = 8.2 · 105 . 84
9.8 6 pictures with back-flow and critical points . . . . . . . . . . . . . . 86
9.9 Measured WSS at U∞ = 2.25m/s, Re = 4.2 · 105 (2008) . . . . . . . 88
9.10 Pillar numbering for quantitative analysis 2010 . . . . . . . . . . . . 89
9.11 Array 3 measured WSS at U∞ = 2.0m/s, Rex = 3.75 · 105 . . . . . . 90
9.12 Sketch of a shrunk and deformed array inside an inset . . . . . . . . . 90
9.13 Image section of Array 3 at zero flow . . . . . . . . . . . . . . . . . . 91
9.14 Measured WSS of array 3 at U∞ = 2.5m/s, Rex = 4.7 · 105 (2010) . 92
9.15 Array 3, measured WSS at U∞ = 3.0m/s, Rex = 5.63 · 105 (2010) . 93
9.16 Measured WSS at U∞ = 2.5m/s, Re = 4.7 · 105 (2008) . . . . . . . 93
9.17 Array 4 measured WSS at U∞ = 2.5m/s, Rex = 4.69 · 105 (2010) . . 94
9.18 Array 4 measured WSS at U∞ = 3.5m/s, Rex = 6.6 · 105 (2010( . . 95
9.19 Measured WSS at U∞ = 3.0m/s, Re = 5.36 · 105 (2008) . . . . . . . 96
9.20 Array 3 measured WSS at U∞ = 4.0m/s, Rex = 7.5 · 105 (2010) . . 97
9.21 CT image of micro pillars . . . . . . . . . . . . . . . . . . . . . . . . 98
xii
List of Figures
11.1 CAD drawing of layout chrome mask . . . . . . . . . . . . . . . . . 112
11.2 Drawing metal pillar . . . . . . . . . . . . . . . . . . . . . . . . . . 113
xiii
1 Introduction
During the evolution of life on our planet, nature has developed many sophisticated
methods to survive. If a breed e.g. detects an enemy faster than one of its rival or if
the prey has a sufficient hiding or protection system it has a selection advantage and
might survive in the relentless process of evolution. Higher life forms can feel and
react to changes in their environment. Spiders e.g. can not only sufficiently detect
ground vibrations but also disturbances in the surrounding air. For the detection of
these disturbances, the spiders use hairs of different lengths, which are distributed
over their whole body. With these hairs, spiders can "feel" from which direction a
disturbance comes from and even if the disturbance comes from a potential prey or
predator.
Another example of an organ, which is able to sense even small pressure differences
in surrounding water is the lateral line organ in aquatic vertebrates and bony fish. The
name comes from a small tube which is elongated at both sides of the fish, reaching
from the fish’s head to tail. Additional tubes can be found at the head. The tubes
have openings to the surrounding water through which pressure differences inside the
tubes are initiated, causing a flow inside the tube. Within these tubes, flow sensing
neuromasts in the form of tiny hairs can be found. Depending on the species, this flow
sensing organ consists of a varying number of neuromasts from less than 100 to several
1000 [8, 17, 21]. Inside the tube the neuromasts of different lengths are combined in
bundles topped with a jellylike cupula. Due to pressure differences between different
openings in the tube, the water inside is moving and the neuromasts under the cupula
are deflected. The deflection is sensed by a nerve cell at the bottom of each hair. With
the lateral line organ fishes can detect the velocity of the surrounding water as well
as pressure fluctuations in their environment. Such a powerful flow detection system
inspired Brücker et al. [14] and other groups (Engel et al. [22], Grosse et al. [28]) to use
hair like structures as flow sensors. The basic idea behind these techniques is that the
deflection of the hairs is a measure for local disturbances of the surrounding fluid. The
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realization of the idea is slightly different. Brücker and Grosse used flexible micro hairs
whereas the hairs of the Engel group were stiff. Another difference between these two
groups is the bending detection. Brücker and Grosse used optical detection systems
with high temporal and spatial resolution whereas the deflection of the stiff hairs of
Engel was measured piezoelectrically at the bottom of the hairs. This measurement
method is discussed more deeply in section 2.3.
In a feasibility study, Brücker et al. [14] showed that tiny micro hairs, flush mounted at
the wall, are able to measure the local wall shear stress (WSS) or the WSS distribution,
if large arrays of the micro pillars are used. Starting from this study, 2 groups have
been working with the micro pillars from which the author of this thesis worked in the
new group of Prof. Brücker in Freiberg. The original group, a direct follow up of the
group of Prof. Brücker at the RWTH (Rheinisch Westfälische Technische Hochschule)
in Aachen, is represented by Prof. Schröder and Dr. Große. Dr. Große did his Doctoral
thesis about the development of the micro pillar shear stress sensor MPS3 for turbulent
flows [28]. In his work, he put the focus on turbulent flows [29, 30]. Grosse inves-
tigated high Reynolds number flows over a flat plate and in a pipe with single pillars
and pillar arrays and compared the results with numerical and experimental data from
literature with good agreement. To measure the displacement of the pillar tip with
higher resolution Große et al. [31] put tiny hollow spheres on the top of the pillars.
By approximating the center of the sphere with a Gaussian spot, a sub pixel accuracy
for the measurement of the deflection of the pillar could be achieved. This allows to
measure the drag force on a air bubble in flow. In addition Grosse and Nottebrock used
the micro pillars to investigate the influence of polymers in drag reduction [49]. For
their experiments they put a single polymer filament on the top of one pillar with a
diameter of 8µm and a height of 60µm.
1.1 Aim of this Work
Within this thesis the experimental work with the shear stress sensor mainly has the
focus on the transition to turbulence. Closely connected are improvements of the mea-
surement techniques. The transition is thereby investigated qualitatively and quanti-
tatively by using micro pillars. Another part of the thesis is to improve the reliability
of the manufacturing process of the micro pillars. For this purpose new manufactur-
ing methods for single pillars and pillar arrays have been tested. Further on, different
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detection methods for capturing the bending of the pillar were tested.
The following work is divided into 9 chapters. The first one, Boundary Layer and
Wall-Shear-Stress, gives an overview of the boundary layer and WSS in general, in-
cluding some typical flow structures in the boundary layer. Some common measure-
ment methods for WSS are given in this chapter, too. The second chapter, Micro Pillar
Concept, deals with the measurement method of micro pillars for qualitative and quan-
titative flow analysis. In the third chapter, Manufacturing Process, the manufacturing
process of the micro pillars is described in detail, including the pros and cons of the
used manufacturing methods throughout the project, which, at the end, result in the
final method for pillar manufacturing. Test facilities and measurement equipment are
presented in Measurement Equipment and Test Facilities. An experimental investi-
gation of the micro pillar dynamics is presented in chapter Experimental Investiga-
tion of the Micro Pillar Dynamics followed by the chapter about the Calibration of
the micro pillars. The experimental conditions for the near wall flow phenomena are
presented meticulously in chapter Experimental Conditions. Qualitative and quan-
titative findings are presented in chapter Results followed by the chapter Conclusion
and Outlook which includes a short outlook for possible future investigations.
3
2 Boundary Layer and
Wall-Shear-Stress
In this chapter a short overview about the boundary layer concept and several estab-
lished measurement methods for WSS and near wall phenomena will be given.
2.1 The Boundary Layer Concept
At the beginning of the 20th century it was Ludwig Prandtl who in 1904 first defined a
boundary layer in the field of fluid dynamics [61]. Compared to the ideal fluid, which
only transfers normal forces (pressure), a real fluid transfers tangential forces, too.
These tangential forces are transferred because of the inner friction within the fluid,
which is represented by the viscosity of the fluid. Due to the viscosity, the velocity
at the wall is zero causing the wall shear stress. The equations of momentum, which
are derived from the balance of momentum for such an incompressible, unsteady and



















Herein ui and uj are the components of the velocity vector, p is the pressure, % the
fluid density and ν the kinematic viscosity. The variable f denotes body forces which
are acting on the fluid, such as gravity or the Coriolis force in rotating flows. Here, the
Einstein summation is used. Equation 2.1 is well known as Navier-Stokes-Equation
(NSE). In addition, the conservation of mass has to be fulfilled which reads for an
incompressible fluid
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The boundary layer concept is a method to simplify the NSE in a wall-bounded viscous
flow at turbulent state. The basic idea of this concept is to divide the flow into a region
where viscous effects can be neglected (free stream, far enough away from the wall)
and a region close to the wall were friction plays a substantial role in describing the
flow. This concept holds for sufficiently high Reynolds numbers. In the outer region












The order of equation 2.3 is one order lower than the order of equation 2.1
Within this thesis the focus will be on boundary layer flows which develop over a
flat plate. Since such flows have been investigated over more than one century, they
are a good test case for the presented measurement technique. A sketch of the flow
condition at the plate can be seen in figure 2.1. When the outer, undisturbed flow with
the uniform velocity U∞ hits the leading edge of the plate, a boundary layer develops.
At the leading edge it starts in laminar state. With increasing distance from the leading
edge, small instabilities cannot be damped out anymore but amplify. The flow is now
in transitional state.
The typical instabilities, that grow first in a boundary layer at the beginning of the
transitional state, are 2D Tolmien-Schlichting-waves (TS-waves). These disturbances
grow and break up into smaller 3D structures with rising distance from the leading
edge. Finally, the flow enters the turbulent stage [61].
The region where the flow reaches the turbulent phase depends on the Reynolds num-





In equation 2.4 the characteristic length is the distance form the leading edge of the
plate. The flow becomes turbulent at the critical length xc for critical Reynolds num-
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Figure 2.1: Sketch development of the flow over a flat plate; x0 ... hypothetical starting
point of the turbulent boundary layer profile, xc critical distance distance
(fully developed turbulent flow)
bers in the range of Rec = 3.5 · 105···106, depending on the roughness of the wall and
the disturbance level of the flow in front of the leading edge [61]. For flows for which
special care was taken to reduce all possible disturbances, the transition can be shifted
to Reynolds numbers greater than 106 [61].
The thickness of the boundary layer can be defined via the growth of the mean velocity
with rising distance from the wall. The thickness δ99 of the boundary layer is thereby
the distance at which the velocity of the fluid within the wall’s vicinity reaches 99% of
the free stream velocity. In the laminar region of the plate, δ grows continuously with





An analytical solution for δ within the transitional state of the flow is hard to find.
The turbulent structures, which are generated by the breakdown of the TS-wave are in
general stochastic.
When the boundary layer reaches the fully turbulent stage, the thickness strongly in-






· (x− x0). (2.6)
In this case, the characteristic length is x− x0. Measurements for a smooth plate have
shown that x0 can be approximated with x0 ≈ 5.72 · 104ν/U∞ [35]:
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As depicted in figure 2.1, there still exists a layer near the wall where viscosity plays
the major role. This thin layer is called the "viscous sublayer". Here, the flow is
partially (but not completely) laminar. Nevertheless, at any moment the local velocity
profile can be assumed linear in this region. Hence, the local mean WSS is constant
within the sublayer [55].
For this thesis, the experimental acquisition of the wall shear stress within the viscous
sublayer is in the focus of interest. Here, the stream-wise component of the WSS τw
can than be expressed as follows [18, 55, 61]:







For the laminar stage of the boundary layer flow, τw can be calculated from the Blasius
solution [59] with




whereas for the turbulent case the approximation [64] reads












This velocity is a characteristic measure for the state of the viscous sublayer. Based on
this velocity, further non dimensional numbers can be defined. These are the dimen-





With this velocity, the friction Reynolds numberReτ can be calculated at the plate with
the boundary layer thickness δ99 as characteristic length. It is
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With this length scale the dimensionless wall coordinates x+, y+ and z+ can be calcu-
lated. This is done by dividing the Cartesian coordinates (x, y, z) by the viscous length





The turbulent boundary layer is in turn subdivided into several layers. The dimension-
less length scale y+ can be used to confine the extension of the subsequent layers at
the wall.
The viscous sublayer extends roughly from y+ = 0 up to y+ ≈ 5. Within this layer
the relation of u+ = y+ applies [55]. From y+ = 5 − 40 the buffer layer adjoins [18]
(see figure 2.1). For y+ > 40 the adjoining region is called log-law region [18]. The
actual beginning of buffered and log-law region is still controversial. In e.g. [55] the
beginning of the log-law region is stated with y+ > 30 and extends up to y/δ < 0.3.





ln y+ +B. (2.15)
Herein, κ is the Kármán’s constant andB is an empirical constant which has to be taken
from measurements. The values for the Kármán’s constant vary around κ = 0.41. This
value varies for different kinds of flows. For pipe flows e.g., the value κ = 0.43 is a
good estimation whereas for developing boundary layers κ = 0.38 seems to be a good
approximation [24].
A good estimation for B is 5.2 but ongoing work over the last 2 decades suggest that
this value can vary between B = 3.8 and B = 10 [3, 24, 77].
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Within the following section typical events and structures which occur within the vis-
cous sublayer will be presented.
2.1.1 Coherent Structures (CS) in the Boundary Layer
In transitional or turbulent boundary layer flows, characteristic flow patterns can be
observed near the wall. These structures are either events which travel in the direction
of the wall and penetrate the viscous sublayer or events that occur further away from
the wall and leave their footprints. At the transition to turbulence typical CS can be
identified, indicating the progression of the transition. An adequate identification of
such typical CS can be used e.g. in on-board flight control systems of aeroplanes,
warning for critical flight conditions. From a scientific point of view, detecting CS in
a transitional flow can be used for the validation of numerical simulations.
In a flat plate flow, first CS occur at the early transition from laminar to turbulent
flow. As mentioned earlier the initial instabilities are Tolmien-Schlichting-waves (TS-
waves). These 2D-waves are travelling in mean flow direction parallel to the wall with
spatial extension transverse to the mean flow [61]. Further downstream, secondary
instabilities initiate the generation of 3D Λ-structures.
These vortices break down into smaller structures and stochastically distributed turbu-
lent spots occur. When a turbulent spot in an otherwise laminar boundary layer flow
passes a fixed position at the wall, the streamwise velocity component as well as the
wall shear stress increase. After the spot has passed by, the flow reconfigures to laminar
stage again [32]. These spots are growing with increasing distance from the leading
edge, joining each other until the complete flow converts to fully turbulent stage [61].
In stochastic, transitional or fully developed turbulent flows, different flow events and
flow structures can be identified as a consequence of these CS in the boundary layer.
Some of these events can even influence the viscous sublayer. In this thesis the focus
lies on such events that influence the WSS distribution at the wall. The basic events or
structures can be summarised as follows
9
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• Streaks
• Ejections / bursting processes
• Sweeps
• Vortices.
Streaks are zones of either high or low speed relative to the mean streamwise veloc-
ities. They are found typically in the viscous sublayer and buffer layer. The typical
dimension of such a structure is up to 1000 wall units in streamwise direction with a
spanwise width up to 100 wall units [51]. The notation "streaks" originates from flow
visualisation experiments which have shown the formation of bands of low and high
speed fluid [37]. If the velocity of such a streak is lower than the local mean veloc-
ity, such structures are called low speed streaks. These low speed structures occur at
y+ ≤ 10 [55] with an extension into the viscous sublayer [51]. Low speed streaks are
formed due to streamwise vortices in the near wall region. These vortices transport
low speed fluid from lower regions of the boundary layer into areas further away from
the wall.
One feature of low speed streaks is the gradual lift up of the streak with increasing
distance from the leading edge of the plate, which is associated with ejections [51,55].
An ejection is an event through which low speed fluid is transported into layers further
away from the wall. Many ejections form a bursting process that results into a break up
of the streak. This mechanism plays a primary role in turbulent energy generation [18].
If low speed fluid is lifted away from the wall, there has to be a compensatory motion
towards the wall, due to continuity reasons. If fluid from the outer parts is moved into
the lower layers of the boundary layer, the resulting events are called sweeps [55].
Such sweeps can also reach down to the viscous sublayer. As a result the laminar flow
behaviour of the viscous sublayer is disturbed causing the local WSS to rise.
Another large group of coherent structures are vortices. There are many variations of
these structures. One typical form in the boundary layer with extension down to the
viscous sublayer are hairpin vortices. A theory of the formation of hairpin vortices
at the wall is the following (from [18]): When a transverse vortex tube with cross
stream vorticity is disturbed by a streamwise fluctuation, a horizontal vortex loop is
washed out of the tube forming the head of the hairpin. When the head starts to rotate,
it is advected upwards, away from the wall, into areas of high mean velocity (lift-up
10
2.1 The Boundary Layer Concept
process). The result is the idealised form of a hairpin vortex with one head followed
by 2 necks and 2 legs at each side of the vortex (see figure 2.2). Due to the mean shear
in the boundary layer flow, the hairpin vortex is stretched. Because of the lifting and
stretching of the vortex, the legs change their orientation. They form thereby a counter
rotating vortex pair of 2 streamwise vortices that can also be present in the viscous
sublayer1.
Figure 2.2: Dynamics of a hairpin vortex
From a dynamic point of view, hairpin structures transport at the front of their heads
high speed fluid from higher parts of the boundary layer towards the wall, causing
disturbance of the viscous sublayer. At the impact line the fluid is transported side-
ways. This phenomenon should be visible with on the micro pillar sensor array.
In addition, it is also possible that the tails of hairpin vortices meander parallel to the
wall. In the wake of the hairpin, this meandering should be visible as a sinusoidal wave
in the viscous sublayer.
Low-speed streaks also occur in a varicose shape which are induced by hairpin vortex
structures. The cause for this shape are vortex loops surrounding the streak. Skote et
1Note: Hairpin vortices can also be formed in shear layers at higher areas of the boundary layer. But
in the present work the structures in the outer layers of the boundary layer were not investigated
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al. [66] identified the varicose streaks and the vortices beside the streak in a direct nu-
merical simulation of a disturbed laminar and turbulent boundary layer. Brücker [10]
identified the varicose flow patterns directly at the wall with flexible micro pillars.
Therefore he analysed the signals of a micro pillar sensor measuring the WSS in tur-
bulent flow over a flat plate. He postulated the occurrence of arc-like vortices in the
near wall region, travelling with the streak, as cause for the wavy/varicose shape of the
streak.
The sensors herein were designed by the author and the technique is described herein.
The aim of the following two sections is to give an overview of current measurement
and visualisation techniques for near wall flow phenomena to provide a clue why micro
pillars are a valuable new tool for such studies.
2.2 Qualitative Methods to Illustrate Near Wall
Flow Phenomena
After Otto Lilienthal’s first successful flight with its self-built glider in 1891, the
rapidly growing field of aeronautical engineering was born. Because of that, engi-
neers and scientists had great interest visualizing the near wall flow structure on the
air-foils of the planes. Until the middle of the 20th century, smoke visualization, the
oil film technique and cotton tufts have been established in flow visualisation on air
foils in wind-tunnels [71]. With long, flexible tufts, fixed on the aerodynamic sur-
face, areas of flow separation or the transition to turbulence can be visualised in wind
tunnel experiments or in free flight. Fluttering cotton tufts might be an indication of
turbulences at the surface.
Another technique, which is closely related to the cotton tufts, are smoke tufts. For
this technique, smoke is ejected at one or more points at the surface of an object and
the cloudy structures are observed. This technique can either be used in wind tunnel
experiments or under real operating conditions. With smoke tufts, areas of flow sepa-
ration and wakes can easily be identified. Bernard [6] used this technique to investigate
the vortex dynamics in transitional and turbulent boundary layers.
The movement of the tufts can be recorded with a camera. Nowadays, high speed
cameras are often used to record the development of the flow.
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Another visualisation technique which is able to illustrate the flow patterns that occur
close to the wall is the oil film method. For the use of this method, the test object is
prepared with a thin oil film that contains reflective particles. During the experiment,
flow patterns at the wall are visible which can be imaged or recorded.
2.3 Quantitative Measurement Methods for near
Wall Velocity and WSS
In this section quantitative measurement methods of the WSS will be introduced. Some
of these methods measure the WSS directly, with others the WSS can be calculated
from the velocity profile normal to the wall.
Micro Fences
This technique for measuring the WSS is using tiny micro fences, mounted in the
boundary layer of a fluid flow. The hight of such a fence is only a few hundred micro
meters. The fences have piezoelectric resistors that convert the stress at deflection,
which is due to the pressure difference across the fence, into an electrical signal [53,
58]. Therefore, the signal can to be processed on-line. The disadvantage of such fences
is their relatively large width (a few millimetres) and the disturbances they produce in
their wake.
Wall Mounted Hot Wires
A technique which measures the velocity at a certain line (usually transverse to the
main flow) is hot wire anemometry. A wire which is continuously heated up to a
certain temperature is placed in the fluid. Due to the forced convection because of the
flow, the wire cools down which causes a change in electrical resistance. This change
in resistance is a measure for the local velocity and therefore, if the viscosity is known,
for the WSS, too. This technique has been miniaturized down to several hundred micro
meters [39,40,78] and can be used in wall mounted way. This allows to determine the
velocity gradient and thus, the WSS. As long as the wire is placed within the viscous
sublayer and the distance h from the wall is known, the WSS can be estimated from
the velocity data by calculating τw ≈ η · u/h. Arrays of these types of sensors can
then e.g. be placed over the wing of an aeroplane (real or model) or any other type
of vehicle. The vehicle can than be investigated in wind tunnel experiments or under
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operating conditions. The disadvantage of this kind of measurement method is the
weak robustness that these tiny wires have against dust and dirt in the flow.
Oil Film Interferometry (OFI)
This commonly used technique for WSS measurements is a further development of
the oil film visualisation mentioned in the last section. Before an experiment is going
to start, the wall, which has to be reflective, is coated with a thin and translucent oil
film. After the start of the test, the thickness of the oil film is changing and is thereby
a measure for the local WSS [33, 50, 52]. The change of the thickness is measured
optically by using oil film interferometry. To apply this technique, the film is, for
example, illuminated with a sodium lamp that emits light at a certain wave length. The
light is reflected at the bottom and the top of the oil film. Both reflections interfere with
each other. From the interferogram, the thickness of the oil film can finally be derived.
A detailed description of this technique is given by Naughton and Sheplak [48].
One advantage of this technique is that the mean WSS can be measured with good
accuracy, as long as the viscosity of the oil is known exactly. The calibration of the
temperature-dependent oil viscosity is significant for the accuracy of the WSS mea-
surement and one of the critical parts of the experiments. Because of that, the tem-
perature has to be fixed at a certain value throughout the whole test case, a demand
which can not be fulfilled in every experimental facility. If this is not possible, the
temperature has to be monitored throughout the experiment for a correction of the vis-
cosity [48]. Another problem with OFI is that the technique is only able to measure
the mean WSS. Recently, Naughton et al. [47] have published multi image OFI with
which it is possible to measure the WSS for more than one steady state condition. Nev-
ertheless, fluctuations of the WSS can not be resolved. Another drawback of the OFI
is its limitation to geometries with smooth and reflective surfaces [19].
Floating Elements
Another type of sensor for WSS measurements are floating elements. Basically, these
elements are tiny plates, flush to the wall and free to move in streamwise and span-
wise direction. Small springs keep the plate in rest position. The force, caused by a
streaming fluid, acts on the plate and shifts the plate relative to its original position.
Nowadays, MEMS 2 sensors are used [41, 79]. A large benefit of this fabrication tech-
nique is the miniaturisation of the sensor which makes it possible to build arrays of
2Micro-electromechanical-system
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these sensors and obtain 2-dimensional information about the WSS distribution. The
output signal is an electrical signal which makes it useful for on-line processing. Due
to the flush mounting, there is almost no distortion of the flow. Problems with this
technique occur because of the pressure influence on the side walls of the floating ele-
ment. Further on, this gap may accumulate dust which is the reason why this technique
can not be used in a harsh environment.
Hot Film Anemometry
Another technique is the hot film anemometry. A plate, heated with constant current
is flush mounted at the wall. The WSS influences the heat transfer between the plate
and the fluid which results in a change of the electrical resistance of the plate. After
a careful calibration, the electrical resistance of the plate is a measure of the local
WSS. Such hot film sensors are also available as MEMS [79] which makes it possible
to build small sensor probes or arrays of this kind of sensor elements to measure the
WSS distribution. Problems with this technique might occur if the temperature of the
test fluid changes, because a variation in the temperature means also a variation of the
WSS.
Film Based WSS Sensor
A technique for WSS measurement using a combination of an elastomeric film and an
optical measurement procedure to obtain the displacement of the film, was presented
in 2011 by Omid Amili et al. [1]. The group filled a pocket at the wall with Poly-
dimethylsiloxane (PDMS) and cured it. On the top of the PDMS patch, which is flush
with the surface, they put small particles. After the start of the experiment they took
double images of the PDMS film from which the displacement can be calculated with a
standard PIV software tool. Afterwards, the friction at the wall can be calculated if the
Young’s modulus, Shear modulus and Poisson’s ratio of the PDMS film are known. It
will be shown later in this work, that the mechanical properties of PDMS can change,
depending on the chemical properties of the fluid or the time of use of the sensor. An-
other disadvantage of the system might be, that it is not clear if a local displacement of
the PDMS has an effect on adjacent areas. This might be one of the biggest problems
of the technique. Furthermore, operating the sensor in a flow channel under higher
pressure might influence the accuracy of the sensor, too. Under the higher pressure the
sensor might be deformed.
In addition to the above mentioned measurement techniques, where the sensor has to
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be in direct contact with the flow, indirect techniques have been developed to measure
the velocity gradient, based on classical methods such as LDA or PIV. If this gradient
and the viscosity of the fluid is known, the WSS can be calculated.
Near wall measurements with PIV
Kähler [34] used a long distance microscope (LDM) to perform micro PIV measure-
ments within the boundary layer of a turbulent flow. Although the method has good
resolution, the technique does only provide one component of the WSS vector.
A method which is closely related to micro PIV performed with an LDM was used by
Sheng et. al. [65]. They used digital holographic microscopy to measure the velocity
profiles close to the wall at high particle density. With the known viscosity of the fluid,
the WSS is calculated from the holographic PIV data. The measurement volume in this
case was 1.5x2.5x1.5mm3. This technique is very sophisticated and allows to measure
down to y+ = 5···10. The accuracy of the technique is good but it provides information
about the flow only after a time consuming reconstruction. For an on-line judgement
of the flow this is not practicable.
Mirror Particle Tracking Velocimetry (MPTV)
Another method for measuring the 3D velocity field near the wall with an additional
precise determination of the wall distance is Mirror Particle Tracking Velocimetry. For
this technique the generation of mirror images near a reflective surface is used. The
camera detects every particle twice (one real image and one mirror image). When using
a stereo camera set-up, a 3D velocity field can be calculated with additional informa-
tion of the wall distance from which the WSS can be derived. In their work Kunze et
al. [36] showed that for a turbulent wall jet, the experiments are in a good agreement
with theoretically calculated WSS distribution for different Reynolds numbers. Due to
the complex measurement set-up this sophisticated technique has up to now only been
used for academic practice.
Diffractive Optic Fluid Shear Stress Sensor [43]
This sensor uses the LDA principle to measure the WSS. The diverging beam of a
laser diode below the wall is focused on a double slit at the surface. Behind the 2 slits
the light interferes to linearly diverging fringes. If a particle in the flow crosses such a
fringe pattern, it scatters the light. This light is focused with another diffractive element
on a fibre optic cable through which it is guided to a detector. The light signal has the
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form of a sinusoid, modified by a Gaussian envelope. By applying a bandpass filter
on the signal, the sinusoid is isolated and the frequencies can be determined by using
FFT. Since the divergence of the fringes (FD) is known, the velocity gradient can be
calculated from each of 2 peaks in the light signal (du/dy = FD ·f ). If the viscosity of
the fluid is known, the local WSS can be calculated. The dimensions of such a sensor
element are with D = 15mm and L = 20mm not small anymore. Because of its size,
array of such sensors are not practical. In addition the fluid has to be seeded with tracer
particles with the known problems of sedimentation, lift-up and ideally homogeneous
particle density.
WSS measurements with Hair-like Structures
The measurement techniques, discussed so far, are based on velocity profile measure-
ment methods. As mentioned in the introduction, evolution has already developed
sensory systems to capture detailed information about the flow field around life forms.
Such sensory hairs have been built as a combination of an artificial hair element and
an electronic deflection sensor at the base. J.M. Engel et. al. [22], [72] used tiny, rigid
cylinders in the length range of a few 100µm for the hairs. They placed the hairs on
sensory elements which can detect the mechanical stress at the base of the hair. Under
mechanical pressure, the conductivity of the elements changes which is a measure of
the deflection. By combining four of theses elements, the 2D deflection of one hair,
which was caused by the near wall flow, can be analysed. By using arrays of these
artificial hairs the 2D distribution of the WSS can be measured. The measurement
method in the base of the hairs can be interpreted as artificial neurological cells.
A different approach is used in this work, based on imaging technology. In order to
visualize the turbulent structures in the viscous wall region, arrays of flexible micro
pillars were recorded and analysed using image processing. If a precise measure of the
tip displacement is achieved, the method allows to measure the WSS with certain ac-
curacy. Alternatively, just the recordings allow, similar to the tuft method, to visualize
coherent structures within the boundary layer. Such micro pillars were used to measure
the WSS in turbulent flows (Brücker et. al. 2005 [14], Grosse et. al 2008 [28, 29]).
In order to measure precisely and without disturbing the flow, the size of the micro
pillars has to be adjusted to the expected flow conditions [13]. The diameter of these
pillars is in the order of 10µm to 50µm with aspect ratios of 5 to 20 and the length
should always be less than the viscous sublayer thickness. The structures have to
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be tiny for only slightly influencing the flow. By using arrays of micro pillars, the
2D WSS distribution can be detected with high spatial and temporal resolution. This
measurement method is discussed in detail in the next chapter.
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Within the next few paragraphs, the measurement method which uses micro pillars for
WSS measurement is introduced.
3.1 Measurement Principle
Micro pillars are tiny cylinders which are flush mounted on the surface of a wall
bounded flow. As mentioned in the introduction, the deflection of the pillars is a mea-
sure for the local WSS. The length dimension of the pillars is chosen such way that the
pillar tip is within the viscous sublayer (y+ < 5) and the aspect ratio is high. Due to
the small diameter, they are not disturbing the flow and local flow forces are dominated
by friction.
In the next two sections the static and dynamic behaviour of the micro pillar sensor are
shown in detail. The aim of these sections is to find a theoretical formulation of the
deflection of the pillar tip (w∗) at a certain WSS value (τw) which yield to a relation
w∗(τw) ' C · τw (3.1)
with τw = η · ∂u/∂y and C as proportional factor.
3.1.1 Steady Deflection of the Micro Pillars
For the theoretical description of the micro pillar’s bending a single pillar can be treated
as cylindrical cantilever beam (see Fig. 3.1).
The static deflection of the beam can be calculated by using classical mechanics.
Therefore the pillar is treated as Euler-Bernoulli beam. This is justified, because the
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Figure 3.1: Model of the forces acting on the micro Pillar
pillar is slender and the expected bending should be small compared to the diameter of








Herein are w(y) the deflection of the pillar, dP its diameter, y is the coordinate along
the pillars axis, E is the Young’s modulus of the pillar material, I the geometrical
moment of inertia, which is for a circular cross-section I = (π/4) ·R4P and f(y) is the
load per unit length acting on the pillar in cross-sectional flow. In case of a constant
velocity gradient, as it is approximately assumed in the viscous sublayer (see section
2.1) and Stokes flow around the pillar, the load on the pillar is approximately linear
too. In a simple way, the local drag can be expressed as a product of a drag coefficient
CD and the local slip velocity uy. The general equation for the local drag force per unit
length (f ) on the pillar at a certain distance y from the wall can therefore be written as
f(y) = CD(y) · u(y). (3.3)
The condition for which the following approximations are valid is that the Reynolds
numbers at the pillar tip are small (Retip ≤ 10). Because the pillar structures are small,
the Reynolds numbers are small too. Retip is thereby calculated with the diameter of
the pillar (DP ) as characteristic length. Due to the linear velocity profile within the
viscous sublayer, the Reynolds number changes with increasing distance from the wall
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and has its maximum at the pillar tip. The equation for Reynolds number at the pillar





A rough estimation of typical flow velocities at the edge of the viscous sublayer of a
boundary layer flow at Re = 106 in air flow and typical pillar dimensions of Lp =
200µm and Dp = 20 yield to tip Reynolds numbers of around Retip = 7.
An approach to calculate the force on micro pillars is presented by Venier et al. for
micro tubules [73]. Their way to calculate the force is derived from a model that
calculates the motion of polymers and can e.g. be found in [7]. The model treats the
micro tubules as a stack of spheres that reminds on shish-kebab and is therefore called
shish-kebab-model [7] in the literature. The formula for the load per unit length for




· u(y) = V · u(y). (3.5)
The variable V in equation 3.5 denotes the Venier-coefficient. It depends on the ge-
ometrical parameters DP and LP of the pillar exclusively. The only property which
changes over the height is the velocity, which implies that the load profile has a similar
linear profile as the velocity u(y). Brücker et al. [13,14] have used this formula to cal-
culate the drag. It will be shown later in the results that the drag coefficient of Venier
fits well to the experimental results under static and dynamic flow conditions.
By inserting equation 3.5 into equation 3.2 and integrating the result over y, the de-
flection line w(y) of the pillar under a linear load profile (linear velocity profile with
no disturbances) can be derived. With the boundary conditions w(y = 0) = 0,
w′(y = 0) = 0, w′′(y = LP ) = 0 and w′′′(y = LP ) = 0 one gets the solution for
the static deflection line of the cantilever beam with a linear load profile, which is
















It is obvious that the maximum deflection w∗ is at the pillar tip. The result can be
interpreted in such a way that the pillar acts as spring with the spring stiffness k∗ and
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the force can be calculated with equation 3.5 for y = LP , which results in the total
force on the pillar under linear load F ∗ = f(LP ) · LP/2. That yields to the equation




· F ∗ = 11 · L
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Using this notation, equation 3.6 can be rewritten with the geometric shape function Φ
























This separation of pillar geometry and external loading will be helpful in the next
section. It is important that for a rubber like material, like PDMS, this linear model
in only valid for small deflections (w < LP ) [76]. For accurate measurements, the
pillar should therefore be slender and the tip deflections should be in the order of the
diameter of the beam (linear bending theory). For a theoretical calculation of higher
deflections, non-linear models have to be used. This has not been done in this thesis
and should be in the focus of further theoretical and experimental investigations of this
measurement method.
3.2 Micro Pillar Dynamics
Results presented in this section represent an improvement of the results presented
in [13]. Some coefficients or equations are therefore not identical with the ones in [13]
In this section, the dynamic behaviour of a single pillar is analysed. As in section 3.1.1,
the pillar is treated as a uniform, homogeneous, circular cantilever beam and Venier’s
coefficient for the calculation of the drag is used. In the dynamic case the triangular
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load profile oscillates. A sketch of the mechanical system is given in fig. 3.2.
Figure 3.2: Mechanical system of the micro pillar
For a one side clamped cantilever with homogeneous mechanical properties the equa-




+ (%P AP + χ)
∂2w(y, t)
∂ t2
= f(y, t). (3.10)
Where %P is the density of the pillar material, AP is the cross-sectional area of the
pillar and f(y, t) is the excitation force acting on the pillar due to the friction between
fluid and pillar. The term (%P AP +χ) in equation 3.10 represents the accelerated mass
per unit length of the system, which includes the added mass per unit length χ. If the
movement of the beam is not in vacuum but in a fluid with finite viscosity and density,
added mass effects due to the displacement of the surrounding fluid have be taken into
account, too. The added mass per unit length χ is the mass of the surrounding fluid
the pillar displaces due to its motion. A common estimation is that the pillar moves
the same volume of fluid as its own volume [20]. The added mass per unit length of
the system is therefore χ = %f · AP and the whole accelerated mass per unit length
(%P + %f ) · AP .
The force per unit length is given by the time-dependent version of equation 3.5.
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f(y, t) = V · (u(y, t)− ẇ(y, t) ) , (3.11)
where u(y, t) − ẇ(y, t) is the relative velocity between the pillar and the fluid. With

















+ (%P + %f ) · AP
∂2w(y, t)
∂ t2
+ V · ∂ w(y, t)
∂ t
= V · u(y, t). (3.13)
By considering only the first mode of the pillar motion, the deflection w(y, t) can
be separated into a spatial part for the deflection by using the shape function Φ (see
equation 3.9) and a time dependent part w(t). This yields to
w(y, t) = w(t) · Φ(y). (3.14)
For the fluid dynamic measurements with micro pillars, only the displacement of the
pillar tip is of interest. Inserting equation 3.14 into equation 3.13 and evaluating the
equation only for the motion ŵ(t) at the pillar tip (y = LP ) yields to an ordinary 2nd
order differential equation which reads
EI ΦIV (LP ) · ŵ(t)+(%P + %f ) · AP
∫ LP
0













Equation 3.15 can be interpreted as an equation of the forced oscillation for damped
spring mass system with spring stiffness k∗, damping c∗, inertia m∗ and the excitation
force F ∗, which is the time-dependent form of the load from equation 3.7. To obtain
24
3.2 Micro Pillar Dynamics
the amplitude-frequency response of the pillar, the oscillating force was modelled with
a sin-function. This can be written in the form of
k∗ · ŵ + c∗ · ˙̂w +m∗ · ¨̂w = F ∗ · sin(ωt) (3.16)
with the coefficients
k∗ =
120 · E I
11 · L3p
· ΦIV (LP ) =
120 · E I
11 · L3p
, (3.17)
















· V · LP . (3.19)
The spring stiffness k∗ is the same as the one derived for the static case (see equation
3.7) and the oscillating excitation force is derived from the static load 3.5 combined
with a sin-function that represents the oscillation. Taking into account that the actual
load for a triangular load profile is half of an rectangular one, the equation for the
oscillating load reads
F (t) = F ∗ · sin(ωt) =
[






In equation 3.20 τw,max represents the amplitude of the WSS. By inserting these values,
including the spring stiffness and the excitation force into equation 3.16, this leads to
120 · E I
11 · L3P




· LP · ˆ̇w +
13
33








In the present thesis, equation 3.21 serves as simplified mechanical model for the pillar
motion under oscillating load. It has to be mentioned that the damping of the system
is only modelled with fluid damping and not with the internal damping of the pillar’s
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material.
The solution for equation 3.21 is well known in classic mechanics for oscillatory sys-

















In this equation ϑ = δ/ωn is the damping ratio including the damping coefficient
δ = c∗/2m∗ and the natural frequency of the oscillatory system ωn =
√
k∗/m∗. This











with first Eigenvalue λ1 = 1.875 for the oscillation of the first mode. Yu et al. [76]
showed that the proposed linear theory is valid for calculations of the deflection of
PDMS.
With equation 3.22 it is now possible to calculate ω̂max for a large frequency range. For
comparison of the calculated response curves with measured values the sensitivity X
of the pillar was used. The sensitivity is a measure for the resolution power of a sensory
system and is defined as the maximum deflection ŵmax divided by the amplitude of the








In oscillatory systems there is a phase shift ψ between the oscillating excitation force
F (t) and the response of the system wmax. This phase shift at a certain frequency ω of
the excitation can be calculated with the damping ratio ϑ and the natural frequency of
the system ωn with
ψ = arctan
(
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To characterise the shape of the response for oscillatory systems two parameters are
used. These parameters are the natural frequency ωn of the system and the quality
factor Q. The quality factor for a harmonic oscillator is defined as the ratio of the
maximum energy stored to the energy dissipated in each stimulus cycle. For a damped
system with a harmonic excitation force, the Q-factor can be calculated using the fol-









The dynamic response of a micro-pillar with high Q-factor has a strong resonance
peak paired with a strong phase shift near the natural frequency which reduces the
accuracy of the system dramatically [25]. Time-resolved measurements of the WSS
are simply not possible with such pillars. An advantage of the high Q-factor is on the
other hand the large bandwidth of the micro pillar (see figure 3.3). Otherwise, micro
pillars with a low Q-factors have a smaller bandwidth but show a higher sensitivity
(figure 3.3 dotted line). The optimal compromise between maximal bandwidth with
no resonance and high sensitivity is at a Q-factor of Q = 1/
√
2. At this Q-factor the
response of the micro pillar resembles the shape of a 2nd order Butterworth filter and
the response is the optimal compromise between maximal detectable frequency of the
turbulent structures and optimal sensitivity of the sensor (figure 3.3 solid line). The
Q-factor has therefore to be adjusted to a value of 1/
√
2 [13]. If a high bandwidth of
the pillar sensor is not needed, the diameter of the pillar can be chosen lower, causing
a higher sensitivity and therefore a higher accuracy of the sensor.
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Figure 3.3: Comparison of the response in water (% = 1000kg ·m−3, η = 10−3Pa · s)
for various diameters; pillar length is kept at 300µm, (optimal Q-factor cri-
terion: continuous line; Reynolds criterion for different DP : dashed lines)
In order to find an optimal pillar geometry for a certain flow configuration, the simpli-
fied mechanical system can be used to design the pillar geometry such that the criterion
Q ≤ 1/
√
2 is valid for the given fluid and material parameters. In particular this is done
by setting LP to the minimal expected thickness of the viscous sublayer in an investi-
gated flow. Two parameters have to be below critical values. The first parameter is the
Reynolds number (Re  1) and the second one is the Q-factor criterion (Q ≤ 1/
√
2)
(equation 3.26). Finding the right dimensions of the pillars for a given velocity range
of the flow in the viscous sublayer is an iterative process, because the diameter of
the pillar influences its sensitivity, Reynolds number and Q-factor. A suggestion for
finding the proper geometry is the following.
1. Choose one dimension of the pillar (DP or LP )
2. Calculate the other one with equation 3.26 for Q = 1/
√
2
3. Check the Reynolds criterion
4. Adjustment of the geometry
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In figure 3.4 the calculated diameter DP of the pillar is plotted over its length LP . The
optimal diameter is the intersection of the Q-factor criteria with the Reynolds criteria.
As can be seen, for a pillar with 300µm height in a water flow with a viscous sublayer
higher than 300µm, the criterion is fulfilled for a pillar diameter of D = 20µm.
Figure 3.4: Design criteria for pillar diameter in water flow, Retip = 0.1, Utip =
0.001ms−1; (Q-factor criterion: continuous line; Reynolds criterion:
dashed line)
An additional set of non-dimensional parameters describing the flow for an oscillating
system are the Stokes number St, which relates the cylinder diameter to the Stokes
layer thickness, and the Keulegan Carpenter number KC, which is the ratio of the









Morfey & Tan [44] demonstrated that the linear theory is valid only for (St·KC2) < 1
which means that the diameter of the pillar as well as the flow amplitude have to be
small. This is another set of restrictions which has to be fulfilled for accurate measure-
ments.
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The maximum deflection is closely linked to the response time of the sensor which
usually is the time the sensor needs to show 98% of the true value [25]. This time tr





It has to be mentioned that the response time is only an indicator of the time the sensor
needs to show the exact value. If the sensor is used for qualitative flow analysis only,
it is more important that the sensor shows the right direction of the WSS vector with
an indication of the mean value of the velocity (projected length of the pillar due to its
deflection).
3.3 Large Bending Conditions
Due to the restrictions for accurate, quantitative measurements the micro pillar sensor
measures the WSS only correctly if it is directly designed for the expected flow con-
ditions (see maximum allowable bending in section 3.1 and design criteria in section
3.2). Especially the restrictions concerning the diameter, length and deflection of the
pillars might be problematic in flows with varying flow configurations such as velocity
or physical properties of the fluid.
Anyway, the micro pillars still act as indicators for the near wall flow velocity mag-
nitude and direction. This is the difference from flabby cotton tufts which can only
indicate the qualitative values of the velocity and its direction. Due to the movement
of the pillars a prediction of the turbulence intensity can be obtained. For the correct
interpretation of the movement of the pillars, high speed images of the near wall flow
have to be taken. Apart from quantitative measurements where also single pillars can
be used to measure the WSS at a certain point at the wall, really significant results for
qualitative analysis of the flow can only be derived by using larger arrays of micro pil-
lars. The higher number of pillars is necessary to get an impression about the evolution
of the near wall flow or coherent flow structures within the near wall region.
In case of qualitative measurements, the micro pillars still have to be designed for a
certain experimental flow configuration. The only difference between exact quantita-
tive WSS measurements and qualitative measurements with pillars acting as indicators
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for the near wall velocity is the higher deflection range of the pillars. That means the
range is limited by lowest velocity which has to be detected and the highest velocity
for which the pillar does ideally not lay flat at the wall.
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As shown earlier, for quantitative measurement the geometry of the pillars (LP , DP ,
LP/DP ) has to be adjusted to the expected flow conditions (utip, ν, τw). That means
that the manufacturing procedure has to be high-grade, reproducible and ideally afford-
able. For accurate measurements pillars with high geometric quality and little surface
roughness are needed.
4.1 Basic Procedure for Manufacturing Micro
Pillars
The basic procedure for the pillar manufacturing is always the same. Semi-liquid and
degassed Polydimethylsiloxane (PDMS) with a component ratio of 10:1 is cast into
a mould. After the casting the PDMS is degassed again and afterwards cured for 2
hours at 70◦C. In the following step the pillar is cooled down and afterwards removed
from the mould. The geometrical and surface quality of the moulds is therefore impor-
tant for the quality of the micro pillars. A brief overview of different kinds of mould
manufacturing is given in the next section.
4.2 A Brief Overview of the Mould and Pillar
Manufacturing
In the first stage of pillar manufacturing (2004/2005), a photo-lithographic process was
used to produce the mould. Sylgard 184 (Dow Chemical) was the negative photoresist
on which the geometry was transferred. After the developing of the photoresist it
serves as mould for the casting of the PDMS. This procedure has been done in Aachen
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at the group of Prof. Spatz and was published by Brücker et al. [14].
The first technique, used for the presented work, was developed in cooperation with
the ILT1 in Aachen and the method of choice at the beginning of the project. The
moulds for the first method were made from wax with a low melting point. The holes
were drilled into the wax with a laser drilling process, using a pulsed high energy ArF2
eximer laser (Perikles, TUI Laser) with a wave length of λ = 193nm. At a repetition
rate of ν = 1kHz the maximum pulse Energy is E = 20mJ . The set-up for the
drilling process has been published 2010 by Schäfer et al. [60]. The depth of the hole
is controlled by setting the energy, the pulse rate and the plane of the focus point. A
CCD camera is placed over the wax plate behind a semi-transparent mirror to evaluate
the result of the drilling process. The problem with this evaluation is that only the entry
hole at the surface of the wax can be judged. Because of many broken pillars during
the peel-off, the drilling process was investigated with high speed imaging. Therefore
the wax plate was polished at one side and the drilling process was filmed with a high
speed camera (Photron APX-RS) through the wax. As one can see from figure 4.1,
the problems with the wax moulds are due to the contact of the laser beam with the
wax plate. The focused beam vaporizes the wax. This vapour can not be removed
quick enough from the hole by diffusion and acts as a lens near the bottom of the hole.
This lens refocus the beam and stochastic structures in the wax occur at the bottom
(see figure 4.1). The surface quality of the holes is of bad quality, too. Especially at
the entrance of the hole, larger bumps are visible which is certainly due to a zone of
high thermal influence at the holes’ entrance. The heat which occurs during drilling
can hardly be transported away from the inner surface of the hole. Because of that, the
wax melts, deforms and solidifies with a bumpy surface. It is obvious that it is almost
not possible to remove a cast of silicone from the mould.
Figure 4.1: Hole in Wax Plate after Laserdrilling
1Institute for Laser Technology
2Argon Fluoride
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Nevertheless, with this technique holes with a higher quality could still be created as
can be seen in figure 4.2. There are not so many humps on the hole’s surface and the
geometry is closer to a cylinder than in figure 4.1. From these pictures the real surface
roughness can not be judged but a large scratch can be seen in figure 4.2. It might be
possible that such scratches have an influence on the peel off, too. As a result, other
techniques for mould production have been developed.
Figure 4.2: Laser drilled Hole with higher Quality; ellipse marks scratch at the side of
the hole
Despite the problems mentioned here, laser drilled wax moulds were over a long period
the technique of choice. The raw material is cheap and the laser drilling process is
relatively fast. The problem with the laser drilling in wax is the bad reproducibility
of the result. The same settings can be used on 2 different wax plates (same chemical
properties) leading to different results. Inspired by the images from the laser drilling
process a study was carried out by Schäfer et al. [60] at the ILT to understand the
whole process more precisely and to search for the right material of the mould with the
optimal settings for the drilling process.
The arrays made from wax moulds were directly crafted into a special inset which can
be seen in figure 4.3. With this inset the pillar sensor can be flush mounted to the wall
of a streaming fluid. The inset is made of acrylic glass. On the top of the inset a slot
of 30x30x5mm3 can be seen (a). In this slot the pillar array is cast. Therefore the
mould is placed onto the slot and fixed. The two holes at the back (b) are for the filling
with semi liquid PDMS. The PDMS is filled though one of the 2 holes and the second
one is the outlet of the supplanted air. After the filling and degassing the PDMS is
cured. This inset was the standard inset during the project when arrays were used for
measurements.
Another method for manufacturing of single pillars was developed at the IMFD3 at
the Technical University Freiberg. The technique uses glass capillaries which are cut
3Institut für Mechanik und Fluiddynamik
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Figure 4.3: Inset for casting and the use in measurements, a) pocket for PDMS, b)
casting holes
at the desired height of the pillars. The cutting is done by a small wire saw. After
sawing, the two cutting areas have to be polished to minimize surface roughness. In
order to remove debris that may have entered the hole during the drilling process, the
plates are placed into an ultra sonic bath with ethanol as cleaning agent for 60 seconds.
Advantages of the glass capillaries are the quality of the holes which have almost
no measurable surface roughness and they are available with various hole diameters.
Glass capillaries are the method of choice to produce single pillars for basic studies.
The mould for small arrays of micro pillars can also be made of glass capillaries.
Therefore 100 capillary tubes were closed at the ends and put into a casting mould
made of Teflon. The mould was than filled with epoxy resin. After the epoxy is aged,
the stack of glued capillaries is removed. Thin pates are cut from the block by a wire
saw. After sawing the plates are polished and afterwards cleaned with an ultrasonic
bath. Difficulties occurred at the peel off of the PDMS. The junction between the
epoxy and the glass was not stable enough. As a result of this weakness some of the
little capillary plates broke out and the whole plate could not be used a 2nd time.
Theoretically, there might be two steps in this whole process which cause the weak-
ness. The first one is the ultrasonic bath. The plate is exposed to pressure waves with
high energy causing the break out of the small capillarity plates. The other step is the
curing. Due to differences in the thermal expansion coefficient and the specific heat
capacity of epoxy and glass, thermal stress occurs inside the material causing the break
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out of the glass plates. Curing the PDMS at room temperature has never been tried,
because of the problems with the ultra sonic bath there was no further development of
this manufacturing technique.
For small pillar arrays the manufacturing from single pillars which were crafted with
glass capillaries is feasible. These pillars were carefully placed "by hand" in a common
inset (see figure 4.3) which is filled with degassed and cured PDMS. The result is
shown in figure 4.4.
Figure 4.4: Hand crafted pillar array with 3x3 pillars in laminar flow; flow from left to
right
One array which was created with this method has been used for measurements and
the results will be presented in chapter 9.
Another technique for manufacturing micro pillars with wax moulds was recently pub-
lished by Gnanamanickam and Sullivan [26]. They have used a micro-drilling tool to
manufacture the holes. Drilling in this case means the mechanical deformation of the
wax. The drilling-tool was crafted with an electrical discharge machine out of a solid
metal cylinder of about 300µm in diameter. The result of this manufacturing process
is a conical drilling tool which has a diameter of 10µm at its top and 40µm at the
base. The height of the tool is approximately 700µm. The wax which was used for the
mould was Freeman HT-266 thermo-stable wax. The holes of the mould were drilled
one by one into the wax. As material for the pillars, Sullivan et al. used platinum cured
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silicone rubbers manufactured by Smooth-On Inc.. The silicone was also degassed be-
fore the casting and cured at room temperature for >2 days to receive a good integrity
of the sensor. After curing, the sensor is peeled off the mould. This technique is a good
alternative to the laser drilling of the wax. The surface of the pillars reported by Sul-
livan showed a good surface quality and the technique can be used without expensive
equipment compared to the laser drilling process. A drawback of this technique is the
conical shape of the pillars. This is due to the drilling tool which needs a needle like
geometry to penetrate the wax. This technique is very promising for the manufacturing
of small micro pillar arrays but the manufacturing of larger arrays might be a little bit
too time-consuming. Unfortunately, this technique was published 6 years too late and
was therefore not used in this thesis.
In the next section, the latest technology for the mould and pillar manufacturing used
in this thesis is presented.
4.3 Pillar Manufacturing Using Etched Silicon
Wafer as Mould
The latest technology for the micro pillars’ manufacturing uses mono-crystalline sil-
icon as material for the mould. Crystalline Silicon was chosen, because it was suc-
cessfully used as mould for PDMS before [68]. The technology was developed in
cooperation with the Fraunhofer Institute for Electronic Nano Systems (ENAS) which
was responsible for the production of the mould. The Fraunhofer Institute was chosen
because of their long-term experience in processing and research in the processing of
mono-crystalline silicon. For the moulds in this work Silicon wafers were used that
were cut from a large mono-crystal with a diameter of 100mm. This dimension is a
standardised diameter at the production of microchips and therefore available at high
quality and relatively low price.
The layout of the sensor was designed with a standard CAD4 software. After designing
the 2D layout of the pillar sensor, the pattern is transferred on a chrome mask which
is fixed on a glass plate. In a photo-lithographic process the geometry is copied on the
wafer. Deep reactive ion etching (DRIE) [2] was than used to etch the holes into the
wafer. The etch depth was adjusted by the etching time. The functional relationship
4Computer Aided Design
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between etch depth and etch time is not linear and has to be determined empirical in a
number of pilot tests.
A similar technique was mentioned by Schmitz et al. for the mould manufacturing [62].
The difference between the two techniques is that the process mentioned by Schmitz
uses silicon wafers only to achieve higher aspect ratios.
For the sensors used within this work, the area of the sensor was limited by the inset
introduced in section 4.2. Because of the areal restrictions, there is space for 4 moulds
with an edge length of 32x32mm2 on one 100mm wafer (see figure 4.5). For the
measurements presented in this thesis 4 different pillar diameters were chosen. These
were 20µm, 25µm, 30µm and 50µm. A detailed drawing of the layout can be found
in the appendix (11.1).
Figure 4.5: Wafer Layout for 4 plates (A - D) with different hole diameter or different
2D layouts
After the etching process, the wafer is cut into small wafer plates with an edge length of
35x35mm2. To reduce the surface roughness of the etched wafer, which includes the
surface of the wafer plate and the inner surface of the etched holes, a 0.9µm Parylene
C layer was applied to the wafer. This substance is an inert, optical transparent and
hydrophobic polymer. This coating protects the silicon wafer from ageing, the surface
roughness is reduced and the removal process is assuaged.
For manufacturing of the pillars, the mould is placed on the top of the inset described
in section 4.2 and the normal casting and curing procedure (see section 4.1) is applied.
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In Fig. 4.6 a SEM5 image of one section of a pillar array is depicted. The slight
distortion of the image is due to the graphite particles with which the array is coated
to generate SEM images. These particles do not stick very well on the PDMS. The
unequal distribution of the graphite causes the distortion effects in the image.
Figure 4.6: SEM image of a pillar array
5Scanning Electron Microscope
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5 Measurement Equipment and
Test Facilities
In this chapter the measurement equipment and test facilities are introduced.
5.1 Bending Detection and Imaging Methods
In the present work the bending is detected optically, which means an optical accessi-
bility of test and calibration facilities is mandatory. Detection with radiological meth-
ods, such as X-Ray or X-Ray computed tomography (CT) are still within a preliminary
test phase and will be presented in section 5.1.5.
Usually the pillars or pillar arrays are imaged from above. But for studying the basic
dynamic behaviour of the micro pillars, images of a single pillar from the side were
taken to get an impression of the bending line and shape of deflection. Side-view
images were also used in measurement campaigns for checking the validity of the
theoretical bending limitation of the pillar. This was sometimes necessary due to the
low focus depth in the experiments, which was caused by the wide opened aperture of
the lens. This wide opening has to be done because of the short shutter times of the
high speed camera recording images at a few hundreds or thousand frames per second
(fps). Especially with a simple set-up for illumination the images were sometimes dark
and with low contrast.
The tip displacement of a pillar array on a flat plate was only analysed with one camera
taking images from above. The optical axis stands thereby perpendicular in the image
plane. That means that the WSS corresponds to the projected length of the pillar in the
recorded image.
For taking high quality images of the micro pillars an optical set-up with high magni-
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fication was used which is explained in the following paragraphs.
5.1.1 Transmitted Light Set-up
Images with a transmitted light set-up can be taken because cured PDMS is transparent
and the other parts of the flow facilities were chosen such way that they are transparent,
too. For the transmitted light set-up the light source is placed behind / under the pillar
or pillar array. Above the pillars the camera with the lens is placed. For imaging a
single pillar or small arrays of micro pillars, a cold-light source with a flexible optical
fibre has been used for illumination. The optical fibre is an advantage in the positioning
of the light spot. The light which exits the fibre is focused on the area of interest by a
biconvex lens.
Figure 5.1 shows an example for the transmitted light set-up. The lens for focusing
the light beam and the optical fibre was implemented in a plastic tube to reduce the








Figure 5.1: Transmitted light set-up with camera, measurement plane and light source
The problem with the transmitted light set-up is that the images have a relatively low
contrast which means the image is either too dark or too bright. Another problem is
the uneven light distribution of the image. To maximise the intensity of the light, the
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spot has to be focused at the pillar or pillar array. If the array is large, the spot has to be
larger, too. Unfortunately, there is an uneven distribution of the brightness in the spot,
going from the highest value in the center of the spot to the minimum at the edge. That
means, pillars in the center of the spot are better illuminated then the one at the edge
of the spot. As a consequence, an even illumination of all pillars is almost impossible.
5.1.2 Reflected Light Set-up with Köhler Illumination
An even illumination of the area of interest is necessary to improve optical resolution
and image contrast. This can be realised by using the so called Köhler illumination.
This illumination technique is well known in light microscopy and can be used for
transmitted and reflected light. The great advantage of this technique is the homoge-
neous distribution of all light which is emitted by the light source. The result is a very
homogeneous illumination of the micro pillar array.
The lens set-up for this illumination technique, which consists of 2 lenses and 2 aper-
tures, can be seen in Fig 5.2.
Figure 5.2: Sketch of Köhler illumination lens set-up
For the Köhler illumination set-up the light source is positioned in the focus point of
lens 1. With the aperture behind lens 1 the intensity of the light can be adjusted. Lens
2 is positioned such way that their focus point matches the focus point of lens 1. The
image of the light source is thereby projected to infinity. The aperture in the focus
points between the two lenses is for the reduction of scattered light from the outside.
Rectangular to the optical axis of the Köhler optic a camera with an commercial Infinity
K2/S R© LDM1 is mounted. With the K2/S lens, small objects can be imaged from
large working distances. The magnification of the lens can be adjusted by inserting
1Long Distance Microscope
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amplifiers in the optical axis. Each amplifier raises the magnification by factor 2. For
the experiments presented in this thesis, 2 or 3 amplifiers have been used resulting, in
a magnification of 4 or 6.
The beam splitter or a semi reflective mirror maps both optical axes which means the
pillar sensor is illuminated from the same direction from which it is imaged. For a
further improvement of the light intensity a polished metal plate was mounted below
the micro pillar array, that reflects the light which has passed the PDMS and therefore
increases the overall light intensity. Instead of the polished metal, a mirror can also
be used but the mounting of the mirror is more complicated. The metal plates are just
screwed on onto bottom of the acrylic glass inset. During measurements such metal
plates can be mounted directly under the inset.
















Figure 5.3: LDM set-up with parallel mounted Infinity K2/s and Köhler illumination
A cooled high power LED is used as light source. Due to the cooling, the LED can
be driven with higher electrical power. The optical path from the illumination and the
path from the LDM are parallel arranged which reduces the installation space for this
optical set-up. The path from the illumination is then aligned with the optical path of
the LDM. This is done by a mirror, which is placed outside the LDM and a beam-
splitter cube which is mounted inside the optical axes of the LDM. This has been done
by an alloy tube with a small window at the shell. The tube is clamped between the
main body of the K2/S and the K2/s’ objective.
The high quality of the imaging technique demonstrates figure 5.4. This quality can
be achieved without any image processing which gives an experienced experimentalist
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the chance to judge the flow on line during the measurements.
Figure 5.4: Image of a pillar array illuminated with Köhler Illumination without ad-
justing brightness and contrast
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5.1.3 Multi-Segment Long-Distance Microscope
Usually when taking images at widely distributed points with high resolution simulta-
neously, multi camera systems are used [75]. Nevertheless, this is very expensive. The
micro pillar sensor array is an example for widely distributed structures. The diameter
of one single pillar is in the order of micrometers but the distance between the pillars
range from a few hundred micrometers up to a few millimetres if the development of
the near flow over larger areas is investigated. Such a situation can be seen in figure
5.5.
Figure 5.5: Image of a 3x3 WSS sensor taken with macro lens (left) and multi segment
LDM (right), imaged with the same camera at a resolution of 1024 x 1024
pixels, ∆x = ∆y = 3.6mm
If e.g. only the 9 pillars marked in figure 5.5(left) are of interest, the rest of the image
is a waste of image space and a waste of accuracy. In such cases it is difficult to find
a compromise between magnification and the size of the field of observation. With a
multi segment long distance microscope (MSLDM) technique [5], as described within
this section, it is possible to map multiple observation areas with high magnification to
the CCD chip of a camera and blank out the uninteresting area between the pillars (see
in figure 5.5(right). This is a great improvement for the micro pillar sensor. It gives
one the chance to measure the 2-dimensional wall shear stress over a large area with a
maximum of accuracy.
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The basic optical set-up for the MSLDM is shown in figure 5.6.
Figure 5.6: Sketch of the optical set-up of the multi segment long distance microscope
(not to scale)
The first lens is a 200 mm achromat that projects a real intermediate image with a
magnification M1, such that the spacing of the imaged structures corresponds to the
pitch of a micro-lens array placed behind the image. At the position where the first
intermediate images are generated an array of apertures of the same pitch as the micro-
lens array is positioned. These apertures blank out areas between the imaged structures
that are not of interest. The diameter of the apertures is chosen so that a second set
of intermediate real images produced by the micro-lens array does not overlap. In
addition the diameter depends on the magnification needed for the measurements. Each
lens of the micro-lens array magnifies only the field passing through the corresponding
aperture. Therefore there is a plurality of optical axes corresponding to the array of
micro-lenses. The images of the structures appear magnified but separated by the pitch
of the micro-lens array. This combined image is then de-magnified by the second lens
and projected to the CCD chip of the high speed camera.
The geometrical theory behind this LDM is the following. The magnification M1
obtained by lens 1 is determined by the ratio of the pitch of the lens array pLA to the





The magnification required for the lens array can be calculated by the field of view
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(FV ) needed around each object. This also defines the diameter of the aperture (DAP ).
DAP = FV ·M1. (5.2)
In addition the magnification of the lens array (MLA) has to be chosen such that the





With the second lens the images are de-magnified and projected to the chip of the
camera. This de-magnification (M2) of n enlarged areas of interest can be calculated
with equation 5.4 which reads
M2 =
CS
(n+ 1) · pLA
. (5.4)
In equation 5.4 CS represents the chip size and it was taken into account that the size
of one area of interest in the second intermediate image must be smaller than the size
of one micro-lens. The size is limited by the pitch of the micro lens array (pLA). If
the images overlap, a blurry image would be a result. The overall magnification of the
multiple-segment MSLDM can than be calculated as follows:
Mtotal = M1 ·MLA ·M2. (5.5)
To demonstrate the potential of the technique a microscope scale with a total length
of 5mm has been used as a test object. In figure 5.7a the numbers 8, 1 and 10 of
the microscope scale can be seen. The distance between the numbers is 2.2mm. In
figure 5.7b the scale itself is shown and illustrates the dimension of the area of interest.
The distance between each tick is 25µm that means the total diameter of each area of
interest is 200µm. The total magnification of the MSLDM is 6, for this case.
For testing this optical set-up under measurement conditions, an optical set-up for the
use at the LSMIRFF (see section 5.4) was developed. In this facility the distance from
the front lens to the micro pillar sensor is approximately 400mm. In figure 5.8 an
image of the whole optical set-up can be seen. The set-up is mounted on a LINOS
47
5.1 Bending Detection and Imaging Methods
Figure 5.7: Image from the MSLDM, a) showing the numbers of the microscope scale,
b) showing the ticks; the coloured circles on the scale correspond to the
circles in the MSLDM pictures
macro bench. Due to the large working distance and the focus-length of the lens array,
the length of the whole set-up is about 1.5m. If such a large working distance is not
necessary, the length of the set-up can be reduced. It has to be mentioned that the micro
lens array was a test sample an available at the IMFD. Because of this fact the focal
length of the lens array was fixed by which the length of the whole set-up increases.
Figure 5.8: Image of the MSLDM set-up with 400mm working distance
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With the set-up test images of a micro pillar sensor were taken (figure 5.9). The di-
ameter of the pillars was DP = 100µm and the pitch between the pillars was 900µm.
The non optimal quality of the aperture array with the frayed circles is due to the CNC
drilling process of the aperture array.
Figure 5.9: left: section-image of the micro pillar sensor, right: MSLDM image of the
sensor
It can clearly be seen in figure 5.9 that the magnification rises if it is imaged with
the MSLDM and that 5x7 pillars can be imaged on one chip of the camera with high
magnification.
Problems with this imaging technique occur, if the adjusted optical set-up moves rela-
tively to the micro pillar array. As a result, the pillars are not aligned with the optical
axes of the lens and aperture array. If a normal lens is used for imaging, the pillars are
still visible and the movement of the whole image can be corrected later. In case of
the MSLDM the pillars move out of the circle of the aperture and are not or just partly
visible in the image. The consequences are inaccurate and non usable results.
Another disadvantage compared to normal lenses is the relatively low depth of sharp-
ness. This leads to blurred images of the pillars if their deflection is too high. But in
this case the pillar tip is outside of the hole of the aperture anyway.
The MSLDM technique was developed further and brought to perfection by Skupsch
et.al. [67]. Their set-up is well suited for accurate measurements of WSS for larger
sensor arrays.
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5.1.4 Luminous Intensity Evaluation for Measuring the Pillar
Deflection
Normally, under transient flow conditions, the deflection of the pillar has to be mea-
sured with a high speed camera system. This makes the measurements expensive and
therefore not really suitable for every day measurements. On the other hand, the de-
flection can in principle also be measured by light reflection or absorption. Intensity
measurements of visible light can easily be performed with a photodiode and an os-
cilloscope. For a preliminary test, a single pillar which was included into a pipe was
used. The pillar itself has to be modified in geometry and reflectance of the surface.
One possibility to improve the reflectance of the pillar is a metal coating which is
brought onto the pillar by sputter deposition. This technique has the disadvantage of
changing the physical properties of the pillar, if it is made of PDMS or another kind
of silicone. A solution for this problem is to change the whole material out of which
the pillar is made. A material which can reflect light much better than PDMS is metal.
Another advantage of metals is the resistance against aggressive organic fluids. Un-
fortunately, the Young’s modulus of steel (≈ 200GPa) is some orders of magnitude
higher than the modulus of PDMS (1.6Mpa). That means the geometry of the pillar
has to be adjusted to provide suitable values of deflection in flow direction. In order
to achieve good reflection results and sufficient bending behaviour a rectangular base
is used instead of a circular one. Therefore, the pillar is made out of a foil of rolled
stainless steel with a thickness of a few micrometers. Because the pillar is made from
a thin metal foil, the geometrical moment of inertia in streamwise direction is smaller
compared to a pillar with circular base. A drawing of the geometry can be found in ap-
pendix 11.2. To insert the foil into the pipe, the pillar foil is glued between 2 polished
glass blocks with a hole inside for the flow and a quadratic cross-section.
Figure 5.10 shows the principle of the intensity measurement method. The light spot
from the LED is projected on the pillar through which it is reflected onto the photo-
diode. While the pillar is deflected, the intensity of light, which hits the photodiode,
rises. The system has to be adjusted in such a way, that at zero flow, half of the in-
tensity reaches the diode. When half of the photodiode is covered, one gets maximum
measurement range for positive and negative WSS. However, if no negative WSS are
expected, the coverage of the diode can be set closer to zero shading at zero flow. This
extends the measurement range of the sensor. In addition, care has to be taken that the
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Figure 5.10: Measurement Set-up MLSSA
To characterize the dynamic behaviour of the sensor, MLSSAs have been used.
MLSSA stands for "maximum length sequence system analyser" [9, 57], a technique
which is normally used to analyse the acoustic properties in the developing process of
loudspeakers. The basic idea behind MLSSA is that the system (loudspeaker or pillar-
fluid-system) is excited with deterministic noise. The excitation signal is known and
both, the recorded and the test signal are compared after the test cycle. The advan-
tage of the deterministic noise is that it includes all frequencies in a certain band. To
perform the MLSSA analysis the sensor is put into a vertical pipe that is connected to
a shaker performing the excitation of the fluid. Diesel is used as test fluid. Through
the oscillation of the fluid, the pillar is excited too. The output voltage of the photodi-
ode and the input voltage of the shaker is recorded and saved to a PC. Afterwards the
recordings are analysed with the MLSSA algorithm. The result of the MLSSA algo-
rithm is the frequency response of the sensory system, which includes the metal pillar,
the shaker with liquid column of liquid and amplifier that drives the shaker.
Figure 5.11 depicts the results of the MLSSA analysis of the sensory system. The black
curve shows the original frequency response calculated with the MLSSA analysis. It
can be seen that between 20Hz and 900Hz the response amplitude shows a linear
logarithmic decrease (indicated by the dashed blue line in figure 5.11) with bumps be-
tween 30Hz and 40Hz, 105Hz and 115Hz and finally between 700Hz and 900Hz.
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Figure 5.11: Measured Amplitude Frequency Response of the Metal Pillar with (red)
and without (black) 6dB increase, dashed blue line shows linear logarith-
mic decrease
The last bump is due to the resonance of the metal pillar (ωn = 821Hz). The cause
of the overall linear decreasing trend is the shaker which moves the fluid. The shaker
is driven with a constant electrical current. That leads to a constant acceleration. If
so, the consequence is a declining amplitude at rising frequencies. This effect can be
compensated by artificially increasing the signal with 6dB per decade. This procedure
keeps the original information of the signal but gains also noise in the higher frequen-
cies. The result is visible in figure 5.11, too. The red curve shows an adjusted result
where the level of the curve above 200Hz is almost at the same level as below 200Hz.
These preliminary results serve as proof of principle that the deflection of a single pillar
can be measured without expensive equipment like high speed cameras and without an
extended post processing. This was achieved by changing the material from which
the pillar is made and adjust the pillar’s geometry. But figure 5.11 unveils also the
problems of this set-up. The MLSSA system shows several bumps in the curves and no
smooth signal. From the output of the signal (reflected light) it is not clear if the bumps
come from the pillar, the shaker, the piping or the sensing parts. To optimise the system
and to identify the weaknesses further research has to be done. If the weaknesses are
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clearly identified and eliminated, it possible to use the measurement principle in flow
sensors which can be directly included into a pipe system.
5.1.5 Experimental Bending Detection with X-ray Computed
Tomography (CT)
The demand of optical access limits the test fluids to such which are transparent and
with constant optical properties. There are however other examples where the mea-
surement technique might be valuable also in opaque or murky fluids as well as in
multiphase flows. This fact initiated the idea to check whether a X-ray CT scanner is
capable to measure the exact position of a pillar tip. The advantage of X-rays is that
they can pass matter which is optically opaque. In the next subsections, basics about
CT systems and the system which was used for the preliminary investigation are intro-
duced. Because CT is not in common use in the field of fluid dynamics, the principles
of CT picture generation will be explained within the following paragraphs.
Principles of X-ray Computed Tomography
X-ray computed tomography is an imaging technique that uses X-rays to scan the cross
section of a test object (see Fig. 5.12).
Figure 5.12: Basic principle of computed tomography [74].
The basic idea for generating an image with CT goes back to the beginning of the 20th
century when the mathematician Radon [56] showed that a property of a 2-D object
can be exactly described if an infinite number of line integrals about the property from
different directions are known (Radon transformation). Such line integrals could be
directly measured if radiation, which is absorbed by matter, is detected behind the
object. The amount of radiation reaching the detector represents the line integral of
the attenuation coefficients along the path of the beam inside the object. Depending
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on the type of material, the radiation could be visible light, microwaves, radio waves
or radioactive radiation like X-rays. The advantage of X-rays is the high energy of
the radiation, which is ideal for passing opaque media. The disadvantage on the other
hand is, that X-ray beams are strongly absorbed by matter with a high atomic number
like metals.
The basic idea of CT is to create an image of the interior of the object by using a large
number of line integrals over the attenuation coefficients. It should be noted, that the
X-ray beam is not 2-D but has an extension in the 3rd dimension. That means the
absorption of the beam takes place within a flat 3-D slice of the test-object. To create
a higher number of line integrals instantaneously, an X-ray fan and a detector array are
used.
The number of detectors within the detector array behind the object represents the
number of line integrals at a fixed angle (see Fig. 5.13). Tube and array are rotating
simultaneously around the object. All intensity values measured instantaneously at a
fixed angle are called a projection. For symmetry reasons the projections are taken






Figure 5.13: Basic principle of modern computed tomography [74].
The attenuation coefficients within a slice of the test object can be reconstructed from
the projections of this slice. The result of the reconstruction process is a gray scale
image that shows the attenuation coefficients inside the slice. Since a slice of the
object is not 2-D, each pixel inside the image represents a so called voxel, which is a 3-
D extension of a pixel. The brighter the voxel, the higher is the attenuation coefficient.
Within the image, the attenuation coefficient is displayed in the so-called Hounsfield 2
units (HU). This value is indirect and is calculated by
2G.N. Hounsfield (1919-2004), inventor of the first medical CT
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Herein µ represents a variable attenuation coefficient and µH2O is the attenuation coef-
ficient of water.
It has to be mentioned that in commercial, medical CTs the thickness of a voxel in
the z-direction (perpendicular to the X-ray fan) is 10 times higher than the dimension
of the voxel in the x- and y-direction (in the fan’s plane). To reconstruct the image
correctly, each projection has to be multiplied with a so-called convolution kernel (Fig.
5.14). Without it, the picture appears blurred and very soft, while, with the convolution
kernel, its sharpness can be adjusted from sharp to soft.
Figure 5.14: Effects of the convolution kernel, from [74]; Image generation without
(left) and with (right) convolution kernel.
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Problems occur, if objects with a high attenuation coefficient are located inside the
X-ray fan, which results in a wrong reconstruction of the attenuation coefficients. In
the pictures, these errors occur as shadows, so called artefacts. This means that for the
construction of an experimental set-up special care has to be taken that no materials
with high absorption rates are within the test section.
In the upcoming paragraph the preparation of the pillar for the measurement with X-ray
CT and the medical CT-system which was used for detection tests is described.
Pillar Preparation and used CT System
The diameter of the pillars which were used for the image tests with CT were 100µm in
diameter and 1000µm high. Each pillar was crafted with glass capillaries (see section
4.2) on an acrylic glass plate with little holes for the PDMS. It was mentioned above,
that the visibility of an object depends on its attenuation coefficient for X-rays. Even
in the x-y plane, such tiny objects (like micro pillars) are hardly to identify, especially
if the attenuation coefficient of the pillar (PDMS) is only a little bit higher or even less
than the coefficient of the carrying material (acrylic glass). To image a micro pillar in a
medical CT system, the attenuation of the PDMS has therefore to be increased. In the
presented case, this was done by small metal (lead) particles which were glued with
PDMS by hand to the tip of the pillar (see figure 5.15). The diameter of the particles
was in the scale of 100 − 150µm. Liquid PDMS was used to glue the particles onto
the tip of the pillar.
Figure 5.15: Pillar for CT Measurements; DP = 100µm
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The CT system which was used in this project is a Philips MX 8000 IDT (see Fig.
5.16). This scanner has not only one detector array but 16. This makes it possible
to measure 16 slices with a thickness of 0.75mm within one measurement cycle. The
resolution within one slice is 100µm2. Each detector array has 1024 detectors and the
rotation frequency of the array and X-ray tube was set to 1Hz.
Figure 5.16: The used CT system, a) Gentry, b) motorized platform, c) control room
5.2 Equipment for Dynamic Characterization of
the Micro Pillars
In this section the measurement equipment for the characterisation of micro pillar’s
behaviour under oscillating load will be shown. Providing that the response of the
sensor is linear, the frequency response can be obtained by measuring the sensor output
for given test signals. In such cases, the frequency response of a mechanical system
is in general measured by using a step response. However, a step excitation in fluid
flow is difficult to generate. Therefore, an oscillating pipe flow was used to generate
oscillating wall-shear stress with well defined frequency and amplitude. Such flows
were investigated at the beginning of the 20th century and an analytical description of
the flow was found by Sexl in 1929 [63]. This exact analytical solution is valid for
the flow far from the excitation source and the outlet in real systems. The equation for
Sexls analytical solution reads
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Herein R is the pipe radius, r the radial coordinate, t is the time, i the imaginary unit,
U0 is the amplitude of the velocity at the center of the pipe, ω is the excitation fre-
quency, ν is the kinematic viscosity and finally J0 is the Bessel-function of the first
kind, 0th order. Later in this section, values calculated with equation 5.7 will be com-
pared with PIV measurements in the pipe at different phase angles of the excitation. A
similar approach with acoustic waves was used by Chandrasekaran et al. (2005) [16]
for calibration of thermal shear-stress sensors. Skupsch et al. have used two loud-
speaker cones facing against each other to characterise the behaviour of the pillars
exposed to an oscillating flow field in air [67].
The advantage of using the oscillating pipe flow is the well-defined character of the
dynamic load profile on the micro-pillars over a broad range of frequencies. Due to the
analytical solution of flow field, calculations of the response behaviour of the pillars
can be performed without numerical calculation of the flow field inside the pipe.
The test rig for the dynamic characterisation of the pillar can be seen in figure 5.17.
Figure 5.17: Test rig for dynamic calibration
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• Transparent acrylic glass test channel (diameter 12mm)
• Aluminium frame
• Mounting for the camera
• High speed camera
• Light source for illumination
The shaker drives a metal piston within a pipe made from stainless steel. The pipe is
coupled with the acrylic glass channel which is attached to the alloy frame. It has to be
mentioned that there is no rigid junction between the frame with all its pieces and the
shaker to minimize the vibrations of the frame and the channel. The piston is coupled
to the shaker with a magnetic holder. In addition, the shaker is placed on a rubber pad
for damping its mechanical vibrations. A problem could occur if the frame gets into
resonance. To shift the resonance peak of the frame with all its pieces up to higher
frequencies, the frame is weighted with an extra mass of 10 kg.
The flow inside the channel was characterised with phase-triggered PIV. As an example
for the characterisation, the PIV and theoretical results for an oscillating pipe flow at
an excitation frequency of 100Hz and an amplitude of 10−4m are compared (see figure
5.18. Near the wall, the so called annular effect is visible. This effect describes higher
velocities at the wall compared to the center of the pipe. This effect is described by the
Womersley number α = R
√
ω/ν. For α ≥ 3 the annular profile occurs. For α ≤ 3
the velocity profile is parabolic and the flow can be treated as quasi static [63]. Overall,
the measured data fits very well to the theoretically calculated values of the velocity at
certain phase angles.
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Figure 5.18: Comparison between theoretical calculated magnitude of velocity (red
line) and PIV measurements (black squares); excitation frequency
100Hz; Womersley number α = 45; amplitude 10−4m; Reynolds number
Re = 67
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5.3 Equipment for Static Calibration
Within this section the equipment for the static calibration will be introduced. With
the test rig for the static calibration a plain laminar Couette flow is generated (see
figure 5.19). This type of flow occurs between a moving and a fixed wall in a channel
with rectangular cross section that is completely filled with a fluid. Due to the no slip
condition at the wall, velocity grows linear from 0 (fixed wall) to umax (moving wall).
The velocity gradient (du/dy) is constant over the whole height of the channel [61].
That means that the WSS is constant, too. This flow is comparable with the flow inside
the viscous sublayer and therefore absolutely suitable for the static calibration of the
pillars. The test rig which was used to generate this type of flow is depicted in figure
5.19.
Figure 5.19: Sketch of the moving belt test rig for static calibration, DR ... drive roll
The plain Couette flow is generated between 2 stacked acrylic glass plates. The ve-
locity of the belt can be set continuously from 0m/s to 5m/s. Under the top plate a
transparent polyvinyl chloride (PVC) foil is placed. This foil is glued together, form-
ing a belt which can be driven with a desired velocity. LoctiteTM5910 has been used to
glue the ends of the foil together. The distance between the top plate (guiding plate)
and the foil is zero and the plate is fixed in the moving direction of the belt. The zero
distance between the foil and the guiding plate is realized by just laying the plate onto
the foil without additional fixing. Thereby, the plate generates a pre-stress for the belt
with its own mass, tensioned the belt. At the short edges of the plates bended pieces of
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acrylic glass are glued onto, realizing a smooth guidance of film under the upper plate
without disturbances.
To ensure a smooth transportation of the foil, a system of 3 rollers is needed (see figure
5.19). One roller is responsible for driving the foil (DR in figure 5.19). This roller is
driven by a stepping motor realizing a drive at a constant speed. The parts of the drive
roller, which are in contact with the belt, were coated with LoctideTM5910 to increase
the friction between the roller and the PVC belt. This was necessary, because in most
of the experiments, presented in this thesis, sorts of oil have been used as test fluid.
Since oil minimizes mechanical friction, the coating ensures a steady driving of the
belt without any slip. Although the driving roller is outside the fluid, it is impossible
to remove most of the oil from belt during operation. The usage of oil was necessary
for calibrating the pillar sensor within the same fluid as in the actual experiments. This
has been done to minimize the errors.
The other two rollers are needed for guidance and tensioning. The roller which is
submerged to the fluid is sightly smaller than the 2 rollers outside. All rollers were
made from Polyoxymethylen (POM), which has a high hardness, strength and stiffness.
The material was chosen for the manufacturing of the rollers, because it is lighter and
easier to machine than metal.
As mentioned before, the velocity of the belt could be set continuously from 0 to 5m/s.
Theoretically the stepping motor could go up to higher speeds but the belt would not
run stable anymore. As a result, the belt would slip from the rollers and would be
destroyed. On the other side of the range, the velocity should be set higher than 0.1m/s
to compensate the bucking of the stepping motor. For lower desired WSS, the distance
between the plates has therefore to be enlarged. Depending on the distance between
the plates, the WSS can be set continuously from 0 to 7.0Pa for Ondina 913 (η =
9.2 · 10−3Pa s) as test fluid.
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5.4 Large-scale Matched Index of Refraction Flow
Facility - LSMIRFF (LSTM Erlangen)
The experiments for investigation of the flow over a flat plate were carried out at
the large-scale matched index of refraction flow facility LSMIRFF at the LSTM3
at Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU) [69]. This facility is a
closed circuit oil channel which is filled with 16m3 of Ondina 913 as working fluid
(η = 9.2 · 10−3Pa s, ν = 11.2 · 10−6m2/s, % = 839kg/m3 at 23◦C). In order to
control the physical properties of the fluid, a cooling system is included in the flow
circuit. A sketch of the facility is shown in figure 5.20.
Figure 5.20: Sketch of the LSMIRFF with measurement equipment
The cross section of the test section is quadratic. The dimensions of the test section are
0.61x0.61x2.44m3. The 4 sides of this section are made from single glass plates which
guaranties the optical access from 4 sides. Before the fluid enters the test section, a
settling chamber is placed to damp the turbulent structures from the pump (see figure
5.20). The mean velocity in the test section can be set continuously from 0m/s to
5m/s. The velocity is controlled by setting the rotation speed of the pump. After
increasing or decreasing the rotation speed of the pump, it takes a few minutes to be
sure the flow is under quasi steady conditions. After this condition is reached, the
image recording is triggered by hand.
3Lehrstuhl für Strömungsmechanik
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In the center of the test section a flat plate (0.01x0.61x2.44m3) is flush mounted. This
plate is built from single segments which can be replaced and exchanged by a special
plate close to the outlet in which insets with micro pillar arrays can be flush mounted.
A sketch of the plate used for the investigation at the LSMIRFF test section can be
seen in figure 5.21. The dimensions depicted in this figure show the distance from the
leading edge of the flat plate.
Figure 5.21: Sketch of the segment of the measurement plate with space for 6 insets
and numbering of the positions
The main cause for choosing the channel for the investigations is the almost undis-
turbed flow. That means the natural development of the boundary layer with all its
typical structures can be investigated. Another cause for choosing this channel was
the test fluid. The relatively high viscosity has 2 positive effects on the pillar. First,
the force on the pillar is relatively high and therefore, the deflections are high as well.
Second, the high viscosity damps the pillar-fluid-system in such a way that resonance
effects might be neglected. Furthermore, the characteristic length scales are higher in
this channel in comparison to a channel with lower viscosity. Another important point
is the optical accessibility. The channel has optical access from all 4 sides through
which images of the pillars with transmitted and reflected light can be taken. In addi-
tion, the pillar can be imaged from the side, too. Last but not least, the optical quality
of the glass and the test fluid is very good. However, the match of the refractive index
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was not the major point for choosing the channel for the investigations, because the
pillars were either observed from above or from the side and the lenses were always
perpendicular to the glass plates of the channel.
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the Micro Pillar Dynamics
In this chapter the theory of the micro pillar dynamics, as introduced in section 5.2, is
evaluated experimentally. The dynamic behaviour of the pillars has therefore been
tested with 3 different fluids and the measurements were compared to the analyti-
cally calculated response curves. The three fluids for the investigation were water
(% = 1, 000kg/m3, η = 10−3Pas), coal oil (% = 780kg/m3, η = 2.5 · 10−2Pas) and
sunflower oil (% = 930kg/m3, η = 5 · 10−2Pas). All pillars tested have a diameter of
DP = 50µm and a length of LP = 700µm. The pillars are made of PDMS and the
natural frequency in vacuum is ωn, v = 557Hz (see equation 3.23).
Figures 6.1, 6.2 and 6.3 show the Bode plots of the pillar’s frequency response of the
sensitivity X and the phase shift in response to the oscillating near wall flow for the
different fluids mentioned above. The sensitivity curves are calculated by 2 different
ways. One method uses the Stokes’ solution for calculating the drag on the pillar. This
method was taken from Brücker et al. 2005 [14]. The second one uses the model
introduced in section 3.2 to calculate the frequency response of the fluid-pillar-system
(see equations 3.22 and 3.24). This model uses Venier’s formula for calculating the
drag (see equations 3.5, 3.11). The signal to noise ratio (SNR) is printed in the curves,
too.
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Figure 6.1: Bode plot of the frequency response for sunflower oil (Stokes solution con-
tinuous line, quasi steady solution using Venier’s coefficient for drag cal-
culation dashed line, experimental data squares)
In figure 6.1 the response curves and measured values are given for sunflower oil.
It can be well seen that in the case of this strongly damped system the quasi steady
solution derived with Venier’s approximation of the drag force fits much better than
the solution derived from Stokes’ drag force, as it was published in Brücker 2006 [14].
Especially for low frequencies the response curves should converge to the value of
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the static deflection for a given load profile if the excitation frequency approaches
zero. The response curve calculated with the formula for Stokes’ drag force does not
converge to a constant value if the excitation frequency tends to zero. Even worse is
the fact that the response curve increases from 1Hz on to a maximum at 20Hz which
can be interpreted as a weak resonance bump. The experimental data do not show such
a resonance bump. Here the sensitivity decreases continuously for higher frequencies.
The Q-factor for this system was calculated with Q = 0.032 from equation 3.26.
The calculated phase angle for the modelling with Stokes solution for drag rises over
90◦ for frequencies above 70Hz. That would mean that the pillar indicates a back-
flow in the oscillating pipe flow even if fluid still moves in the other direction. In
the experiments such phase shifts were not discovered. For the calculation only an
oscillating, linear velocity profile was used. That means that for the calculation no
annular profile of the flow was considered. As a consequence, the annular flow profile
can not be the cause for the indication of an back-flow. On the other hand the phase-
shift calculated with Venier’s formula for the drag shows a constant value over the
whole frequency band of ψ = 90◦. That means that it takes a quarter of a period to
show the correct deflection.
The modelling of the response curve with Venier’s formula for drag calculation fits
much better to the measured values of the sensitivity. It also converges to the static
sensitivity if the excitation frequencies tend to zero. The phase shift has a fixed value
of 90◦ and no strong turn off for frequencies higher than 70Hz. A moderate, constant
phase shift sounds realistic because during the excitation energy is stored in the flexible
PDMS of the pillar.
68
Chapter 6. Experimental Investigation of the Micro Pillar Dynamics
The curves shown in figure 6.2 represent the results for coal oil. The curve, calculated
with Stokes’ solution for the drag shows again a mild resonance bump like in the curve
for sunflower oil.
Figure 6.2: Bode plot of the frequency response for coal oil (Stokes solution continu-
ous line, quasi steady solution using Venier’s coefficient for drag calcula-
tion dashed line, experimental data squares)
The curves calculated Vernier’s formula for the drag show almost the same tendencies
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as in figure 6.1 but the sensitivity remains constant up to higher frequencies compared
with sunflower oil. This behaviour is also indicated by the higher Q-factor which was
calculated with Q = 0.063. The phase shift is with ψ = 90◦ also constant over the
whole frequency band.
The curves for water as a fluid with a lower dynamic viscosity are shown in figure 6.3.
In case of water, the Stokes solution fits better to the experimental data than the so-
lution derived from quasi steady approach using Venier’s approximation for the drag.
However, in the case of resonance around 180 Hz, Stokes’ solution provides a higher
response than in the measurements. A reason for this could be internal damping effects
within the PDMS which are not included in the model so far. In addition nonlinear ef-
fects become more dominant near the resonance frequency due to the lower damping
in water and to the deviation from creeping flow condition. Therefore, the drag force
acting on the pillars may not longer be accurately described by the quasi steady or
Stokes approximation. Finally, it can be seen that the resonance peak calculated with
the quasi steady solution of the simplified mechanical model is shifted to higher fre-
quencies. The phase-shift calculated from the drag coefficient derived by Venier shows
a moderate increase from 80◦ to 90◦ at low frequencies and stays constant at 90◦ for
higher frequencies.
For the experimental data shown here it is evident that for high dynamic viscosities
a flat response low-pass filter is obtained. In other words, the quality factor, Q was
always less than 1/
√
2.
For lower viscosities as it is the case for water, the frequency response shows a res-
onance peak. The Q-factor in this case was estimated from the profile of the reso-
nance peak by the classical bandwidth criterion (Fahy and Walker 1998 [23]) with
Q = 3.51 at a resonance frequency of 173Hz. That means that a pillar with a diame-
ter of DP = 50µm and an aspect ratio of 10 is not suitable for accurate measurement
in water. The aspect ratio of a pillar which is suitable for measurements in water has
to be smaller. For such a pillar the measurement range would be too small. This was
another reason for choosing an oil channel for the investigations of the boundary layer
flow.
As mentioned before, the LSMIRFF, which was used for the investigation of the tran-
sitional boundary layer flow, is filled with Ondina 913. The calculated frequency re-
sponse for a pillar with DP = 50µm and LP = 500µm is plotted in figure 6.4.
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Figure 6.3: Bode plot of the frequency response for water (Stokes solution continuous
line, quasi steady solution using Venier’s coefficient for drag calculation
dashed line, experimental data squares)
As the bode plot for coal oil already indicated, the calculated sensitivity and phase shift
is also for Ondina 913 almost constant over a large band of frequencies. The calculated
values are X = 5 · 10−5m/Pa and Φ = 90◦. Grosse et al. estimated the highest
frequencies at the upper limit of the viscous sublayer (y+ = 5) with ω ≤ 250Hz for
a fully developed turbulent channel flow at Re ≤ 20000 [29]. As long as the sensor
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Figure 6.4: Bode plot of the frequency response for Ondina 913
is within the viscous sublayer and the amplitude and phase shift is constant, static
calibration is sufficient to calibrate the micro pillar sensor for the measurements at
moderate turbulent Reynolds numbers.
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In this chapter the calibration of the pillar arrays for measurements at the LSMIRFF in
2008 and 2010 is presented. From the calculation of the amplitude-frequency response
and phase shift it is evident that static calibration can be used to calibrate the pillar
array. As mentioned before, the first experiments which lead to suitable quantitative
results were performed in 2008 with a small pillar array of 3x3 pillars. Unfortunately,
the size of the pillars in the image was just a few pixels, depending on the WSS.
The length of the pillars was therefore counted by hand for each of the pillars in the
array. For an experienced user, this procedure is quite fast and sufficiently precise.
The only negative point of this technique is that the maximum accuracy of the counted
pixels is one pixel. Therefore, the length was measured 10 times and the mean was
calculated and the results were averaged. The 9 pillars were calibrated with WSS
between 0.0− 7.0Pa. The results of the calibration are given in table 7.1.
WSS / Pa P1 P2 P3 P4 P5 P6 P7 P8 P9
0 7 7 7 7 7 7 7 7 7
0.33 14 13 15 17 10 12 15 17 12
0.56 15 15 16 18 12 15 17 19 15
1.13 20 20 23 24 15 21 24 26 25
1.65 23 24 27 30 19 27 27 31 30
2.07 28 29 31 33 24 32 33 37 35
2.54 30 30 36 40 26 37 38 44 41
3.01 33 38 40 44 29 43 41 47 44
3.43 38 39 45 48 31 47 45 51 49
3.90 40 45 49 50 35 49 48 53 51
4.32 43 46 51 54 37 50 50 56 53
4.75 45 49 52 56 38 53 52 57 56
5.12 47 51 54 57 40 54 54 59 58
5.55 50 52 56 59 43 56 57 63 60
5.92 52 56 59 61 45 59 61 64 62
7.00 56 60 63 65 49 62 63 67 66
Table 7.1: Calibration Data of a 3x3 pillar array - Averaged deflection in pixel for given
WSS; P1 ... P9 pillars according to Figure 9.4
73
Chapter 7. Calibration
Due to the better resolution of the optics and higher quality of the pillar array, the
calibration for the measurements at the LSMIRFF 2010 could be fully automatized.
Length analysis showed that for large deflections the differences between the pillars
on one array are not more than 5 pixels at higher values of WSS. For low deflections,
the differences are between 1 and 2 pixels. Because of this fact, a calibration curve
over all pillars was determined by calculating a linear regression function. The result
for pillars with a diameter of DP = 50µm and a length of LP = 500µm is plotted in
figure 7.1. The measured points are plotted with errorbars, representing 3-times of the
standard derivation.
Figure 7.1: Fitted calibration curve, measured and calculated values for pillars with
DP = 50µm and LP = 500µm (2010)





] · τw. (7.1)
The kinematic viscosity of the fluid (Ondina 913) was 11.2 · 10−6m2/s. Equation 7.1
was later implemented in the matlab script for post processing to calculate the WSS
out of the pixel length of the pillar in the image.
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In figure 7.1, theoretically calculated values (see equation 3.7) for the static deflec-
tion using Venier’s coefficient to calculate the drag on the pillar are printed, too (green
points). It can clearly be seen that the calculated values are close to the straight regres-
sion line in figure 7.1. A cause for the deviation between the measured and calculated
values are unknown physical properties of the fluid. It can further be seen in figure
7.1 that for higher WSS the deviation between the measured and calculated values in-
creases. This is an indication that the theory does not show the correct deflection for
higher WSS and therefore for a higher bending of the pillars. The good agreement
of the calculated and measured values of the deflection shows that in the dimensions
of the micro pillars, Venier’s coefficient (see equation 3.5 in section 3.1) is a suitable
approximation for the drag.
The maximal error derived from the maximal standard deviation of the calibration
measurement and the maximal pixel error for measuring the length of the pillar was 9
pixels. For the WSS, this leads to a maximal error of M τw = ±0.5Pa.
Unless the pillar is not excited with its resonance frequency, deflections which are
in the order of 3 pillar diameters should be suitable for quantitative analysis. In the
projection a pillar deflection of 3 pillar diameters appears as 4 pillar diameters. The
diameter of the pillar at zero flow has therefore be subtracted, leading to a maximal
acceptable length for accurate measurements of 4DP (in the projection). In pixels.
4DP gives a length of 92 pixels. If this is the maximal reliable length of the projection,
a maximal reliably measurable WSS of τw = 3.6Pa follows (see figure 7.1). Higher
WSS have to be carefully judged in order evaluate whether the results are physically
reasonable or not.
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8 Experimental Conditions for the
Investigation of Near-Wall Flow
Phenomena and WSS
Measurement
As mentioned earlier in the text 5.4, the boundary layer flow at the LSMIRFF can be
set from laminar up to moderate turbulent. To study moderate turbulence, the boundary
layer has to be tripped at the leading edge of the plate. In the experiments of 2008, this
has been done by a 1mm copper wire, stretched in z-direction. The fixing was done
by LoctiteTM5910. During the work there have been several measurement campaigns
which were done with a tripped (2008) and non-tripped (2010) boundary layer.
Overall, there have been measurements in the range of 0.5ms−1 to 5.0ms−1 which
corresponds to a Reynolds number range from Re = 6.7 · 104 at X = 1.5m to
Re = 1.0 · 106 at X = 2.3m. It has to be mentioned that measurements were per-
formed in such way that each flow condition was visually pre-checked before images
were recorded and saved. Meaningful measurements have been performed in 2008 and
2010. In 2008 the inset which was filled with an array of micro pillars was put into
port number 3 of the measurement plate, located 2.1m downstream from the leading
edge (see figure 5.21). In 2010 arrays have been put into ports number 1, 3, 4 and 6 of
the measurement plate.
The first measurements at the LSMIRFF were performed in 2007 using a 2x2 array
of pillars with DP = 50µm and an aspect ratio of 10. The array was imaged with
a Photron APX-RS high speed camera . As lens a Tamron 180mm macro lens with
Soligor 1.7x teleconverter was used. The images were taken with a transmitted light
set-up. Unfortunately, the results were not useful for analysis due to the low quality of
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the micro pillars casts.
In the year after, 2008, a 3x3 pillar array was used which was made from single pillars
with a diameter of DP = 50µm and a length of LP = 500µm (see figure 4.4). The
flow in the LSMIRFF was tripped and the same optical set-up from 2007 was used for
image acquisition. In table 8.1 the investigated conditions of 2008 are summarised.
X/m Tripped U∞/ms−1 Rex δ99/m Reτ τw/Pa uτ/ms−1 lv/m
2.1 yes 2.25 4.2 · 105 0.016 73 2.2 0.051 2.2 · 10−4
2.1 yes 2.4 4.5 · 105 0.015 75 2.4 0.053 2.1 · 10−4
2.1 yes 2.5 4.7 · 105 0.057 580 11.0 0.11 9.8 · 10−5
2.1 yes 2.75 5.2 · 105 0.056 620 13.1 0.12 9.0 · 10−5
2.1 yes 3.0 5.6 · 105 0.055 660 20.2 0.13 7.2 · 10−5
Table 8.1: List of flow configurations at the LSMIRFF for qualitative and quantitative
analysis in 2008; the first 2 cases are based on laminar conditions
In 2010 experiments at the LSMIRFF were performed again, but this time with larger
arrays of micro pillars which were manufactured with the technology introduced in
section 4.3. This time the boundary layer was not tripped to study the transient be-
haviour of the flow.
Originally, it was planned by the author to run the same condition from 2008 again.
But unfortunately the author was under serious health conditions and therefore not able
to perform measurements on site by himself. So he prepared a detailed working plan
for 2 colleagues for the measurements at the LSMIRFF. Unfortunately, the colleagues
did not consider all important issues. First, they forgot to insert a tripping wire at the
leading edge of the plate, which means that the flow never reached a fully developed
turbulent state at lower flow speeds. Second, they forgot to switch on the cooling of the
channel which caused the temperature of the channel to rise over 40◦C in some cases
of the experiments. This had not only influenced the physical properties of the test fluid
but also the physical properties of the PDMS. As a consequence, the quantitative data
from the experiments in 2010, which will be presented in section 9.2, is not directly
comparable with the quantitative results of 2008 for the same mean velocity.
The arrays for the measurements were illuminated with the Köhler illumination tech-
nique to get maximum image quality. For the quantitative analysis 4x4 pillars at the
leading edge of the 60x60 arrays were imaged at high magnification. The field of view
in that case was 2x2mm2. The quantitatively analysed conditions of the measurement
campaign in 2010 are summarised in table 8.2.
It has to be mentioned, that 4 of the 6 ports of the measurement plate were filled with
77
Chapter 8. Experimental Conditions
X/m Tripped U∞/ms−1 Rex δ99/m Reτ τw/Pa uτ/ms−1 lv/m
2.1 no 2.0 3.8 · 105 0.017 71 1.8 0.047 2.4 · 10−4
2.1 no 2.5 4.7 · 105 0.015 75 2.5 0.055 2.0 · 10−4
2.1 no 3.0 5.6 · 105 0.05 620 15.6 0.14 8.2e−5
2.1 no 3.75 7.0 · 105 0.049 730 23.2 0.17 6.7e−5
2.1 no 4.0 7.5 · 105 0.049 770 26.1 0.18 6.4e−5
Table 8.2: List of flow configurations at the LSMIRFF for qualitative and quantitative
analysis in 2010; the first 2 cases are based on laminar conditions
insets carrying arrays of micro pillars.
The Ports 1, 3, 4 and 6 of the measurement plate were filled with insets carrying pillar
arrays (see figure 5.21). The dimensions of the pillars were DP = 50µm / LP =
500µm for the positions 1, 3 and 4 together with DP = 25µm / LP = 400µm for
position number 6 (qualitative analysis only).
Unfortunately, something went wrong with array 1 during the measurement campaign.
The height of the PDMS base was approximately 1mm too low. As a result, almost no
deflections could be measured up to mean velocities higher than 3m/s. The cause for
that step, and therefore a shrinking of the array, might be a false transportation. The
array should be exposed to the test fluid for all the time. If this has not been done,
the properties of the PDMS might change. This reason is the most probable. Another
reason might be a shrinking of the PDMS after being longer exposed to Ondina 913.
This phenomenon will be discussed in more detail in chapter 9.
For the qualitative investigation of the near wall flow in a laminar or transient bound-
ary layer, some image sets of 2008 and 2010 have been used. The velocities for the
investigated sets were U∞ = 3.5m/s, 3.75m/s and 4.0m/s (2010), imaged at the
leading edge of array 3 (X = 2.1m) and array 6 (X = 2.3m). As mentioned before,
the inset was equipped with 50µm/500µm pillars at X = 2.1m and 25µm/400µm at
X = 2.3m. A section of 8x8 pillars (field of view 4.5x4.5mm2) out of the 60x60 array
has been visualized for each flow configuration. The frame rate of the camera was set
to 1500 fps or 3000 fps. One image set of the 2008 measurements was qualitatively
analysed, too. The dimensions of the pillars are almost the same as the ones from 2010.
The only problem is the limited amount of pillars (3x3). Therefore typical structures
are not so easily recognised as from the image sets of 2010.
In the next chapter the experimental findings will finally be presented.
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In this section the results for the investigation of the flat plate boundary layer flow with
flexible micro pillars is presented. In addition a test measurement with CT is presented
at the end of this chapter.
9.1 Qualitative Results
In this section the results for the qualitative investigation of a transitional boundary
layer flow along a flat plate, equipped with large arrays of micro pillars, are presented.
Figure 9.1 shows a set of 3 images out of a complete sequence with 6000 frames. The
mean velocity for this case is U∞ = 3.75m/s and the boundary layer thickness, cal-
culated with Blasius’ solution, is δ99 ≈ 5.0 · 10−2m. The Reynolds number is with
Rex = 7.0 · 105 quite high. This means, in a disturbed flow with high surface rough-
ness on the plate the flow conditions at the measurement location would have already
switched to fully developed turbulence. However, because the flow disturbances at
the inlet of the LSMIRFF test section are very low and the plate is smooth (no trip-
ping), this is the first flow condition at which small disturbances (see figure9.1b) in
the laminar boundary layer of the flat plate were observed. The measurement time for
the presented case is 4s (6000 frames, frame rate 1500 fps). During that period, two
disturbing waves run over the sensor field with a temporal separation of 1.9s. Fig-
ures 9.1a) and c) represent the regular state of the pre-dominant laminar flow regime
where the deflection of the pillars is low and the pillars point almost in stream-wise
direction. In between, figure 9.1b) represents the passage of such a disturbance wave
over the pillar field. The typical disturbance in figure 9.1b) is in the form of a streak
with higher velocity than in figure 9.1a) and is therefore called high-speed streak. The
streak increases the bending of the pillars and induces an additional small spanwise
deflection. The period of the event running over the array at this position at the plate is
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Figure 9.1: First appearance of disturbances of the laminar flow at U∞ = 3.75m/s,
X = 2.1m, ReX = 7.0 · 105. Flow is from left to right .
0.175s.
With increasing Reynolds number the occurrence of turbulent events rises in frequency
and strength. Another series of 3 pictures is shown in figure 9.2 illustrating a typical
passage of a coherent structure influencing the near-wall flow topology at increased
Reynolds number. The mean velocity for this case was set to 4.0m/s, the Reynolds
number was Rex = 7.5 · 105 and the calculated boundary layer thickness was δ ≈
4.9 ·10−2m. The event presented in figure 9.2 took place within a time interval of 1.1s.
The images presented in figure 9.2 serve as an example for the time-history which was
observed several times within the complete sequence of images.
Figure 9.2: Typical history of a footprint of a turbulent event convecting over the array
and appearing as variation in the near-wall flow topology (U∞ = 4.0m/s,
X = 2.1m, Rex = 7.5 · 105), DSL ... dividing stream lines, SW ... sinu-
soidal wave
Figure.9.2a) depicts a state where the flow is still in a nearly undisturbed state with
overall parallel orientation of the micro pillars. The pillars point in stream-wise direc-
tion and the tip deflection is moderate.
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Somewhat later in figure 9.2b) a footprint of a hairpin-like vortex travelling along the
wall in the boundary layer and passing the pillar array is visible. Typical for such a
footprint is the dividing stream-line (DSL) in the middle of figure 9.2b). The induced
flow pattern of a hairpin vortex was illustrated in figure 2.2.
In figure 9.2c) the wake of one leg is visible as one long and streaky structure, form-
ing a sinusoidal wave which is travelling parallel to the wall. Former measurements
of Brücker et.al. [10] already showed the wavy character of the flow in the viscous
sublayer as a consequence of hairpin vortices and their interaction with the wall.
Similar structures can be found at 2.3m from the leading edge (array 6). The pillars
which were used at this position had a diameter of DP = 25µm and a length of LP =
400. Figure 9.3 shows the same flow features of hairpin vortices with dividing stream






Figure 9.3: Footprint of a turbulent event (hairpin structure) convecting over array 6
(U∞ = 4.0m/s, X = 2.3m, Re = 8.2 · 105), DSL ... dividing stream lines,
SW ... sinusoidal wave
A streaky structure of parallel flow, which however is not so stable and long living as
in figure 9.2 is visible in figure 9.3a), too. The higher Reynolds number might be a
reason for that. Another explanation might be the distance from the outlet, which is
only 0.14m. In subsonic flows, disturbances down-stream might have an influence on
the flow up-stream.
Dividing stream lines can also be found in the images of 2008 (see figure 9.4c). The
distance from the leading edge was 2.1m and the mean velocity was U∞ = 2.5m/s
(Re = 4.7 · 105). The boundary layer was tripped, causing a higher deflection of the
pillars compared to the non tripped case of 2010 because the flow is stronger disturbed
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in the tripped case. The distance between the pillars is due to the manufacturing tech-
nique with 3mm 6 times higher than in the measurements of 2010. In figure 9.4a) a
low speed streak is visible. This is indicated by all pillars pointing in the same direc-
tion with moderate deflection. In figure 9.4b) an acceleration of the low speed streak
is visible, indicated by the higher deflections of the pillar and the pointing direction of
them. The acceleration is indicated by all 9 pillars.
Figure 9.4: DSL from the recording 2008 (boundary tripped, U∞ = 2.5m/s, X =
2.1m, Rex = 4.7 · 105), a) pillar numbering and low speed streak, c) divid-
ing stream line;
A typical picture from the side is depicted (figure 9.5), showing the bending of the
pillars (DP = 50µm, LP = 500µm). The large bending of the pillars is clearly visible,
underlining the fact that linear theory might not be valid for such a high bending.
Figure 9.5: Side view of a pillar array (DP = 50µm and LP = 500µm) at X = 2.1m,
U∞ = 4.0m/s (Rex = 7.5 · 105)
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Another result, which was found rather by accident, is depicted in figure 9.6. A bubble,
which is slightly out of focus, is visible, travelling in the same direction which the
pillars indicate. Red circles in figure 9.6 mark the bubble and the arrow which is
attached to the circle is the indication of the travelling direction. The 4 images were






Figure 9.6: 4 pictures with bubble slightly out of focus (red circle); arrow indicates
direction of bubble motion (U∞ = 3.5m/s, X = 2.3m, Re = 7.2 · 105,
3000 fps, shutter speed 1/3000 s)
This confirms that the pillars show the velocity direction of the near wall fluid correctly.
What can occur, if the bubble is not in the same focus plane as the pillars but further
away from the wall shows figure 9.7. Due to the higher velocity in the outer regions of
the boundary layer, the bubble seems more stretched along its travelling path.
The interesting fact in figure 9.7a) is that the stretching direction is not the same di-
rection as the pillars indicate directly at the wall. However, within the next 3 pictures
of the series the pillars tend more and more in the direction of the travelling motion
of the bubble, which remains constant over the first 3 pictures of the series. In the 4th







Figure 9.7: 4 pictures with bubble out of focus (red ellipse); arrow indicates direction
of bubble motion (U∞ = 3.5m/s, X = 2.3m, Re = 8.2 · 105, 3000 fps,
shutter speed 1/3000 s, ∆t = 1/3000s)
boundary’s outer layer. With the bubble a velocity of the layer, in which the bubble is
moving could be estimated by measuring the length of the bubble’s strip. The velocity
is therefore 3.3m/s.
From one image of the series to another, the pillars point more and more in the direc-
tion the bubble was moving. This fact shows that the structures from the outer layers
influence the viscous sublayer, an issue that is well known as the footprint of turbulent
or coherent structures which occur in the outer regions of the boundary layer [11]. This
result, which was found by accident in this image set, could be the first step for fur-
ther investigations. The 3D velocity field above the pillar array could e.g. be measured
with volumetric velocimetry via scanning back-projection [54] and the pillar deflection
could simultaneously recorded. The pillars delivering the information about the near
wall flow and the volumetric velocimetry provides the 3D velocity field. With this set
up it might be possible to obtain more information about the dynamics and evolution
of coherent structures near the wall and the generation of turbulence.
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At the end of this section experimental findings concerning the occurrence of rare back-
flow events within the viscous sublayer will be presented. Because of the opposing
flow direction the velocity and therefore the WSS can be zero at certain points in
the viscous sublayer. These critical points and the back-flow were found in direct
numerical simulations of channel flows at Reτ around 1000 [15, 38]. Brücker [12]
published the experimental evidence of critical points and back-flow in a turbulent flat
plate boundary layer. The dataset which he analysed was also from the measurements
of 2010 in Erlangen.
In figure 9.8 an image set of 6 pictures is depicted. The 6 pictures were chosen out
of 43 images in which the generation process and the transportation of critical points
can be seen. The whole image set of 43 images was recorded over a duration period of
29ms. The mean velocity was U∞ = 4.0m/s (Reτ = 4700) and the frame rate for the
recording was 1500fps.
In the first picture (figure 9.8a) a strong event in the upper half of the picture is visible.
Lenaers et al. [38] found that a strong oblique vortex outside the viscous sublayer is
the cause for a flow in the direction of the wall. This structure is the cause for the back-
flow because it generates a flow opposite to the main flow direction. The back-flow is
visible in figure 9.8b) (yellow box on the right) indicated by pillars pointing slightly
to the left. As a consequence the fluid behind the back-flow region is decelerated. At
a critical point (CP) the x- and z-component of the WSS is zero (figure 9.8c). Due to
continuity reasons, there has to be a y-component of the velocity at these points. An
additional location with CP’s can be seen in figure 9.8d). This image was taken directly
after 9.8c) with 0.67ms time span. Within this time the CP travelled 1mm yielding to a
transport velocity of 1.49m/s. In the wake of the CP the velocity increases (9.8e) and
the pillars point in the direction of the streaky structure which indicates the 3rd row. It
is also visible that the flow in 9.8e) is directed around the CP area indicated by the 2
yellow arrows. After the CP event has fully passed the observation area, a quietening
of the flow is visible in figure 9.8f) with all pillars pointing in mean flow direction with
moderate deflection. This is an indication of a large low speed streak.
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Figure 9.8: 6 pictures with back-flow (dotted box, BF) and critical points (ellipses, CP)
(U∞ = 4.0m/s, X = 2.1m, Re = 7.5 ·105, 1500 fps, shutter speed 1/3000
s, ∆t = 1/1500s)




The images from 2008 and 2010 were also analysed quantitatively. The measured de-
flections were transformed into WSS by using the calibration data presented in chapter
7. Unfortunately, the measured WSS was always below the theoretically calculated
estimation for the drag using the equations 2.8 or 2.9. Only in the laminar cases (2008
and 2010), the deflection is close to the theoretical value. For the 2010 case the results
for the laminar case which is presented, the result is even within the estimated error
of the sensor. A cause for the larger errors in the other cases might be the aggressive
oil, which changes the physical properties of the PDMS and in addition in 2010 the
switched off cooling of the channel that changes the physical properties of the oil it-
self. The influence of the temperature on the diffusion of the oil into the PDMS is
so far not investigated. The author suggests investigations in this direction for further
measurements at the LSMIRFF.
Nevertheless, the deflection had been quantitatively post processed and afterwards in-
terpreted qualitatively. Within the next 2 sections, the main findings will be presented.
The findings are sorted by the phenomena which can be seen in the diagrams.
9.2.1 Quantitative Results for Laminar Flow
The pillar images from 2008 were the first ones at the LSMIRFF that were quantita-
tively analysed. As mentioned above, an array of 3x3 pillars was used for the mea-
surements. For the pillar numbering the reader is referred to figure 9.4. The flow was
tripped at the leading edge of the plate and the measurement position was 2.1m up-
stream from the leading edge of the plate. The length of the pillars was evaluated with
a matlab script which can be found on the CD which is attached to this work.
For low velocities the flow within the viscose sublayer is uniform. The first sightly
bigger perturbations occur at U∞ = 2.25m/s. Pillar number 4 in diagram 9.9b) shows
a little bit higher bump (red arrow) than the other curves. This is an indication of
localised unsteady phenomena, indicating the beginning of the transitional state of the
flow. The rest of the pillars show a flat curve shape. The overall scatter along the
curves is likely due to the low resolution of the images.




Figure 9.9: Measured WSS at U∞ = 2.25m/s, Re = 4.2 · 105 for a) pillars 1(black),
2(red), 3(blue) (stream-wise direction) and b) pillars 2(red), 4(black),
5(blue) (transverse direction); τtheoretical,laminar = 2.2Pa, τ̄measured =
1.9Pa
close to the theoretically calculated one of τtheoretical,laminar = 2.2Pa. The theoretical
value was calculated with equation 2.8 for a laminar boundary layer. Although the
Reynolds number is high, the curves in figure 9.9 show only small fluctuations and do
not indicate stronger turbulent events. This means the flow is still in the laminar state.
This is reasonable because the disturbances of the channel are very low, which shift the
start of the transition to higher values of the Reynolds number. The tiny scatter over-
laid along the profiles, shown in figure 9.9, might have its cause in the measurement
uncertainty due to the optical set-up in 2008 with low magnification and weak image
quality. The low deflection of the pillars result in a higher absolute error at the low
end of the measuring range. The graphs in figure 9.9 do furthermore not indicate that
stronger instabilities like Tolmien-Schlichting-waves occur at this Reynolds number.
Similar findings for a laminar flow configuration were also made in the measurements
of 2010 and the length of the pillars was again analysed with a matlab script. From the
measurements of 2008 it was evident that the pillar array swells while it is exposed to
Ondina 913. For the measurements in 2010 the sensor was therefore laid into a sample
of the test fluid for 7 days. After this period, the volume of the sensor was increased by
5% leading to a final edge length of 31.5x31.5mm2. After the swelling, the sensor was
glued into an inset with a sightly larger pocket (32x32mm2). The arrays were glued
in with Loctite R©5910 at the 4 planes at their side. The positioning of the arrays is
according to figure 5.21 and the array number can also be found in the image caption
of the presented diagrams. The types of pillars in each port of the measurement plate
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can be found in chapter 8 or in the image captions of the presented figures. For the
quantitative analysis, images of 4x4 pillars at the leading edge of each sensor array
were taken. The leading edge was chosen because the flow upstream of the pillar array
should be undisturbed and prevented from any possible disturbances, even theoretically
possible disturbances due to other pillars upstream.
The numbering of the pillars can be found in figure 9.10. The order of the pillar
numbering is due to the post processing algorithm of the matlab script which uses build
in matlab functions to detect the micro pillars in the images. For the plots presented
in this section the WSS signal of 4 pillars in streamwise direction (pillars 2, 6, 10
and 14) and 2 pillars in transverse direction (pillar 1 and 4) was plotted. In the image
caption, details about the flow configuration are given (U∞, Rex). In addition, the
theoretically calculated WSS values (τtubulent or τlaminar) and the averaged measured
WSS (τ̄measured) are also given in the image caption. The averaged WSS (τ̄measured)
was derived from the 4 pillars at the leading edge of each array (pillar 1, 2, 3, 4). The
values τtheoretical,tubulent or τtheoretical,laminar were calculated with equation 2.8 and 2.9,
respectively.
Figure 9.10: Pillar numbering for quantitative analysis 2010
In figure 9.11 the WSS curves for the mean flow velocity of 2.0m/s, as an example for
a laminar case in 2010, are presented.
It is immediately visible that in figure 9.11a) the WSS drops by 0.5Pa within the
distance between the 4 pillars (1.5mm). Theoretically, the drop of WWS within this
distance should be 2 orders of magnitude smaller than the measured decrease of 0.5Pa.




Figure 9.11: Array 3 measured WSS at U∞ = 2.0m/s, Rex = 3.75 · 105 for a) pillars
2(black), 6(red), 10(blue), 14(green) (stream-wise direction) and b) pillars
1(black), 4(red) (transverse to the main flow direction), τtheortical,laminar =
1.8Pa, τ̄measured = 1.4± 0.5Pa
Within the last 3 pillars, the weakening of the WSS signal is not such high as it is
between the first and second pillar. This might be an indication that the first pillar
is more extended into the flow than the other 3 pillars downstream. A cause for that
is probably a shrinking of the swollen base of the array (see figure 9.12). Since the
arrays were glued in with Loctite R©5910, this highly oil-resistant silicon gasket holds
its form under the exposure to Ondina 913, as it was discovered in the experiments and
the junction between the PDMS and the acrylic glass inset is perfect. But problems
occur if the PDMS shrinks after the glueing and the borders are still in a fixed position
after the shrinking. If this is the case, a concave curvature of the base of the pillar array
is the result (see figure 9.12). Because of this fact, the first pillar shows a higher WSS
than the ones downstream. The shrinking of PDMS might also be an explanation for
the step in array 1 which made measurements with this array impossible.
Figure 9.12: Sketch of a shrunk and deformed array inside an inset
The different heights of the pillars can normally be recognised by a different sharpness
of the pillars base in each row. However, the images were taken with a small aperture
for a high depth of sharpness in order to receive sharp images even if the pillars are
highly deflected. Because of this fact, the whole image might have looked sharp and
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the failure was not recognised during the measurements or at the adjustment before the
measurement. As can be seen from figure 9.13, the different heights from left to right
are hardly visible.
Figure 9.13: Image section of Array 3 at zero flow; leading edge on the left
The measurements at laminar flow conditions are the only ones with quantitative results
that were close to the theoretical calculated values based on Blasius’ approximation
for the drag (see caption of figure 9.11. Hence, the curves within the following section
will only be interpreted qualitatively because deviation between the calculated and
measured values are too high.
9.2.2 Wavy Structures as an Indication of First Instabilities
Figure 9.14a) shows the graphs at which the first wavy structures are visible.
The overall WSS signal shows a slightly higher value of τw than the 2.0m/s case
(see figure 9.11). It is also immediately visible that the shape of the curves has a bit
more wavy character (see figure 9.14). The Reynolds number for that case is with
Rex = 4.69 · 105 at a point where under regular conditions the transition to turbulence
would have been almost finished. In case of the LSMIRFF, special care was taken to
eliminate most of the disturbances within the flow. In addition, the junctions between
the plate segments of the measurement plate were absolutely flat and almost not visible
or sensible. Further on, it is also clearly visible that the distance between the curves of
pillar 2 and 14 is almost the same like the distance in figure 9.11a) but the values of
pillar 6 and 10 slightly rise because of the higher velocity. This gives the impression
that the curves are closer together. The deviation between the measured and calculated
values (laminar, equation 2.8) for this case increases (error 36%). The error for the
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Figure 9.14: Measured WSS of array 3 at U∞ = 2.5m/s, Rex = 4.7 · 105 for
a) pillars 2(black), 6(red), 10(blue), 14(green) (stream-wise direction)
and b) pillars 1(black), 4(red) (transverse to the main flow direction),
τtheoretical,laminar = 2.5Pa, τtheoretical,turbulent = 11.3Pa, τ̄measured =
1.6± 0.5Pa; blue arrows indicating wavy character
calculated turbulent WSS is even higher. The source for such high errors lies probably
in the changed physical properties of the PDMS and the oil which make the results not
trustable.
At 3.0m/s (see figure 9.15) the wavy character of the signal got slightly stronger, the
bumps (red arrow) within the signal are closer together and the WSS signal is overall
higher. But even at this point (Rex = 5.63 · 105), the flow has not switched completely
to turbulence. The graph shows rather the occurrence of Tolmien-Schlichting waves
(TS-wave) in the boundary layer which is an indication of the beginning of the transi-
tion to turbulence. In the diagram this is indicated by the moderate stronger wavy plot
of all graphs and the clearly visible wave peaks (red arrows). The typical fundamental
dimensionless frequency (F = 2 π f ν/(U∞)2) of TS-wave is F = 105 · 10−6 [10]. In
case of the results shown in figure 9.15 the calculated fundamental frequency is with
F = 86 · 10−6 (U∞ = 3.0m/s, f = 11Hz, ν = 11.2 · 10−6Pa s) a little lower com-
pared to the theoretical one. Taking into account that the exact physical properties of
the oil are unknown, the result is seemingly a visualisation of TS-waves.
Overall, the curves give a good impression of the WSS signal in the beginning of
the transitional state indicated by the occurring Tolmien-Schlichting-waves. The next
section deals with the first completely stochastic events occurring in the form of tem-
porally and spatially separated turbulent spots.
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Figure 9.15: Array 3 measured WSS at U∞ = 3.0m/s, Rex = 5.63 · 105 for
a) pillars 2(black), 6(red), 10(blue), 14(green) (stream-wise direction)
and b) pillars 1(black), 4(red) (transverse to the main flow direction),
τtheoretical,laminar = 3.3Pa, τtheoretical,turbulent = 15.6Pa, τ̄measured =
2.1± 0.5Pa
9.2.3 Turbulent Spots
In 2008 the first strong, unsteady events occur at a mean velocity of U∞ = 2.5m/s
(Rex = 4.7 · 105) in form of a turbulent spot (see figure 9.16).
Figure 9.16: Measured WSS at U∞ = 2.5m/s, Re = 4.7 · 105 for a) pillars 1(black),
2(red), 3(blue) (stream-wise direction) and b) pillars 2(red), 4(black),
5(blue) (transverse direction); τtheoretical,turbulent = 11.0Pa, τ̄measured =
3.4Pa
The turbulent spot in figure 9.16 causing the WSS rapidly to triple. After the massive
peak, the flow tends back to the laminar state. The fact that all three pillars at that
x-position are hit by the same event (see figure 9.16b) indicates that the width of the
event is minimal 6mm or 47z+, respectively. This behaviour and the size of the event
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is typical for a turbulent spot. It is also typical that in the wake of such a spot the WSS
signal does not fall rapidly to the same value as it was before the spot. This can be seen
in the continuous and smooth decay of the signal between the 2 events that are visible
in figure 9.16.
The typical signature of a turbulent spot was also found in a measurement set of 2010.
Figure 9.17 shows the WSS plot of array 4 for 2.5m/s (Rex = 4.69 · 105). In this
figure, 3 turbulent spots are clearly visible. The signature is the same as in figure 9.16,
an abrupt rise of the WSS signal followed by a similar decay and relaminarisation as
in figure 9.16. That means, at the array position number 4, the flow turns earlier to
turbulence than in the middle of the plate. The velocities and disturbances at array
number 3 are 3.0m/s significantly lower (see figure 9.15). Disturbances from the side
walls of the channel’s test section might be the cause for the disturbances which grow
faster than the disturbances caused by the leading edge of the plate.
Figure 9.17: Array 4 measured WSS at U∞ = 2.5m/s, Rex = 4.69 · 105 for
a) pillars 2(black), 6(red), 10(blue), 14(green) (main flow direction)
and b) pillars 1(black), 4(red) (transverse to the main flow direction),
τtheoretical,turbulent = 11.3Pa, τ̄measured = 2.5± 0.5Pa
Similar structures can be found at slightly higher velocities. Figure 9.18 shows the
plots for the 3.5m/s case. For this case, the number of turbulent spots per unit time
rises and the boundary between 2 batched spots is not so sharp as it was in figure 9.17.
The shape of the decline of the curves, after a turbulent spot, is the same as it is for the
2.5m/s case but with shorter times of relaminarisation.
What can be seen from figures 9.17 and 9.18 is that the flow still tries to fall back




Figure 9.18: Array 4 measured WSS at U∞ = 3.5m/s, Rex = 6.6 · 105 for a) pillars
2(black), 6(red), 10(blue), 14(green) (main flow direction) and b) pillars
1(black), 4(red) (transverse to the main flow direction), T ... turbulent
spot, R ... relaminarisation τtheoretical,turbulent = 20.5Pa, τ̄measured =
6.1± 0.5Pa
The experimental problem with the observation of turbulent spots is that they are only
visible as separated structures within a small band of Reynolds numbers. That means,
without a triggering on such structures the development with rising Reynolds number
can hardly be investigated within one or two weeks of measurements and without a
deep knowledge of the channel. Building a trigger for these structures is therefore
strongly recommended. The turbulent spots which are occurring at the beginning of
the transition are very isolated and their signature (rapidly rise of the WSS and relam-
inarisation) is very clear.
Figure 9.17 and 9.18 are good examples that the measurement method with micro pil-
lars is suitable for the detection of turbulent spots during the transition to turbulence.
A turbulent spot herein is therefore characterised by high values of the WSS signal
(deflection of the pillar) and a decrease afterwords which indicates a relaminarisation.
This fall back is characterised by a continuous decrease of the signal within the tail of
the spot. The shape of the curve reminds on a hyperbolic function. This characteristic
behaviour exhibits both measurements from 2008 and 2010 which makes the system
suitable for the early detection of turbulent spots. However, the measurements, pre-
sented within the last sections, show also that there is a need for further research and
development. The author recommends to run the conditions at the LSMIRFF again,
but with enabled cooling and potentially with pillars made from a different material
which is oil resistant.
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The just mentioned facts about turbulent spots could be used to build a trigger for these
events. Presumed that the spots are moving in mean flow direction, a small line array
of pillars could be placed spanwise to the mean flow and a few millimetres downstream
the large 2D array for the investigation. Calibrated metal pillars could for example be
used to detect the strong and rapid rise of WSS.
9.2.4 Turbulent State
In this section the results for flow configurations in which the flow is in fully devel-
oped turbulent state are presented. Figure 9.19 shows the graphs of the WSS signal at
3.0m/s (Re = 5.36 ·105) for the measurements of 2008. The maximum WSS is a little
bit higher compared to figure 9.16 and the diagram shows a completely stochastic plot
of the WSS signal. The maximum deflection of the pillars is again too high, compared
to the theoretical values, which makes a quantitative analysis difficult. This can also
be seen in the differences between the calculated and measured values of the WSS (see
image caption of figure 9.19).
a b
Figure 9.19: Measured WSS at U∞ = 3.0m/s, Re = 5.36 · 105 for a) pillars 1(black),
2(red), 3(blue) (stream-wise direction) and b) pillars 2(red), 4(black),




Besides all possible error sources mentioned before, this seems to be a problem with
the measurement technique itself and its narrow measurement range. From table 7.1 it
is obvious, that the maximal WSS in the calibration was τw = 7.0Pa which means that
the measured values, depicted in figure 9.19, are at the upper limit of the measurement
range. Since the lengths of the pillars are fixed, the pillar is not able to show a higher
WSS value.
The graphs for a turbulent case in 2010 are shown in figure 9.20. It is immediately visi-
ble from the theoretical and measured values in the image caption that the theoretically
values for a turbulent boundary layer flow and the measured values do not fit.
Figure 9.20: Array 3 measured WSS at U∞ = 4.0m/s, Rex = 7.5 · 105 for
a) pillars 2(black), 6(red), 10(blue), 14(green) (main flow direction)
and b) pillars 1(black), 4(red) (transverse to the main flow direction);
τtheoretical,tubulent = 26.1Pa, τ̄measured = 6.2± 0.5Pa
Overall, many peaks with WSS more than 5 times higher than in the laminar case are
visible. The whole signal shows high and low peaks, indicating that in a turbulent flow
structures of high and low energy co-exist.
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9.3 Imaging Pillars with X-ray CT
At the end of this chapter the results of the CT measurements will be presented. Figure
9.21 shows the reconstructed CT image of micro pillars with tiny metal particles on
their tip. It has to be mentioned that the particles were not monodisperse. The 3 visible
spots in the image have different diameters. However, the results show that the heads
can be detected. Nevertheless, much more effort has to be put in finding the right
settings of the CT and finding the right radio opaque marker. In 9.21 the heads of the
pillars are too big, because of the high attenuation of the particles at the pillar tip. For
a lower attenuation coefficient, the circles in the image would not be such big.
Figure 9.21: left: CT image of micro pillars; right: Sketch of the Plate; the distance
between the pillars is ≈ 15mm
For CT measurements in turbulent flows, high speed CT systems have to be used.
This is necessary because the movement of the pillar tips would cause motion artefacts
[4, 74] and the exact position of the pillars is not detectable, anymore.
The author of this thesis had used a medical CT to measure the void fraction distribu-
tion within a cavitating pipe flow [4]. But only time averaged images of the cavitation
region could be obtained from the measurements. The author partly solved the prob-
lem by creating a flow where the cavitation region is very stable and locally bounded
over the time of one measurement. For the location of the pillar tips, this technique is
not suitable, because the exact position of the tip is needed.
The good thing is, there are high speed CT systems existing [70] which could be used
for more preliminary tests of the technique. But the problem with the CT mentioned
in [70] is, that the resolution of the system is just 0.5mm compared to the 0.1mm of the
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medical CT system used by the author. A better solution would be to use conventional
X-ray and observe the pillars from above as it was done with the high speed imaging
presented in the sections before. The imaging can than e.g. be done by a "electron
multiplying CCD-based detector" as it is presented by Nagarkar [45, 46] et al. and
Miller et al. [42]. The basic idea of the CCD based detector is the combination between
a normal CCD chip and a scintillator. The scintillator and the CCD chip is coupled with
fibre optics. With this technique the same frame rates as with normal CCD cameras
can be achieved. In principle the set-up can also be used with CMOS cameras, which
are used for high-speed imaging. The exact position of the pillar head in the image
can be measured by approximating the circle in the X-ray image with a Gaussian spot.
Resolutions with sub-pixel accuracy can thereby be achieved.
After all, with a few modifications on the pillars, it is possible to detect the head of the
pillars with X-ray CT or better X-rays imaging. This would make it possible to use the
pillars in opaque media, too.
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The aim of this work was to visualise and measure the WSS accurately and repro-
ducible with arrays of flexible micro pillars made from PDMS. For the accuracy and
reproducibility of the measurements results, arrays of pillars with high quality are
needed. Because of the weak manufacturing results at the beginning of the project
in Freiberg, some alternative manufacturing methods have been developed. For the
manufacturing of a single pillar, the best result with regard to homogeneity, surface
roughness and shape stability was achieved with glass capillaries. In addition, very
large aspect ratios could be achieved. Moulds which were produced with the presented
method could be used for many castings and the quality of the pillars is very good.
For the manufacturing of pillar arrays, the method which uses etched silicon wafers
as material for the moulds yielded best results. The technique was very satisfying
concerning the achieved aspect ratios, the surface and geometric quality of the pillars
and its reproducibility at moderate costs. In addition the live time of the moulds is
relatively long.
Parallel to the optimisation of the sensor manufacturing, the imaging methods were
improved. This was done in two ways. One was the development of a multi-segment
LDM which optimises the utilization of the CCD chip of the camera by blanking out
the uninteresting areas between the pillars. The other one was the use of a commercial
LDM which was combined with Köhler illumination to receive high resolution images
with a superb optical quality.
In addition, new detection methods for the pillar displacement have been tested, either
in feasibility studies (X-ray computed tomography) or in small preliminary studies
(bending detection by intensity measurements of the reflected light). Although these
methods were just in a very preliminary state and far away from regularly use, these
methods show the potential of the techniques in detecting the tip displacement.
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The measurements at the LSMIRFF also disclosed shortcomings of the elastomeric
micro pillars if they are used in some organic oils. The test fluid at the LSMIRFF
was Ondina 913. In 2 measurement campaigns in 2008 and 2010 the sensors failed to
reproduce WSS values which are even close to the theoretical WSS values calculated
with laminar (Blasius) or turbulent approximation for the WSS. The physical proper-
ties of the PDMS changed dramatically while longer exposed to Ondina 913 in such
way that first a swelling of the PDMS could be observed with a maximal swelling of
5% in length. In the measurements a shrinking of the sensor base was found. The ex-
act cause for the shrinking could not be identified due to the different possible factors
of influence. These factors could for example be a wrong transportation of the sensor
or the high oil temperature at the measurements of 2010. Surprisingly, in the exper-
iments for the investigation of the micro pillar dynamics and in the static calibration
of the sensor, the experimental results were close to the theoretical calculated values.
Finally, the only quantitative result which was at least close to the theoretical estima-
tion of the WSS was for the laminar flow configuration in 2010. Therefore, it was
concluded that the errors were due to the handling in Erlangen. This has to be checked
in future research. The author strongly recommends to perform PIV and µPIV mea-
surements in 2D and 3D for the flow around the pillars. In addition, PIV and pillar
measurements have to be performed simultaneously for a better understanding of the
WSS measurement technique with micro pillars.
Results were therefore interpreted as if the pillars are used as flexible micro tufts re-
vealing the flow and WSS topology directly at the wall qualitatively. With the pillar
sensor it was possible to detect turbulent spots in the transitional state of the flat plate
boundary layer. Furthermore, coherent structures and their typical sign in the viscous
sublayer could be visualised and the occurrence of critical points and local back-flow
could be experimentally verified.
From the authors point of view most of the problems lacking quantitative accuracy in
the herein presented experiments occurred because of the oil (Ondina 913). PDMS
is not resistant against the oil what probably has caused the change in the physical
properties of the PDMS. The author would therefore suggest either to change the test
fluid or using another material for the pillars if they are exposed to a fluid like Ondina
913 which causes a swelling and thereby a change of physical properties. In addition,
the results from 2010 showed that the PDMS shrinks after a longer exposure to On-
dina 913. Especially the swelling and shrinking of the material causes errors in the
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measurements and make an exact calibration almost impossible. The whole process of
material resistance should be deeper investigated.
At the end, the micro pillar arrays used herein were a good instrument for the qual-
itative analysis of the near wall flow topology in the specified channel flows. With
the advanced pillar manufacturing method and the advanced optics for the imaging
technique, quantitative measurements from high quality could be possible by changing
either the test fluid or the material from which the pillar is made. Nevertheless, the
technique needs to be further investigated in terms of the errors and error sources.
To conclude, a great potential of the micro pillars is the ability to measure or visualise
the WSS or the flow directly within the viscous sub-layer. With a design (geometry
and physical properties), adapted to the expected flow configuration and with a sensor
material that is resistant against the fluid, highly accurate results in combination with a
high dynamic range of the sensor can be achieved. By using arrays of micro pillars, a
complete impression of the 2D flow topology in the viscous sub-layer can be derived.
Further on, the WSS distribution on surfaces can be measured quantitatively. The
quality of the detection of the tip deflection can in addition be increased by placing a
reflecting marker at the pillar tip. By approximating the pillar tip with a Gaussian spot
in the post processing, sub-pixel accuracy of the deflection can be realised. Another
great advantage of the micro pillar sensor array is its flexibility. It can be placed on
almost every surface geometry irrelevant of the curvature of the surface. By taking all
this into account, the micro pillar measurement method has a significant potential in
the investigation of near wall flows and should be part of further investigation.
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